Architecture for the Next Generation System Management Tools for Distributed Computing Platforms by Gallard, Jérôme et al.
Architecture for the Next Generation System
Management Tools for Distributed Computing Platforms
Je´roˆme Gallard, Geoffroy Valle´e, Thomas Naughton, Adrien Le`bre, Stephen
Scott, Christine Morin
To cite this version:
Je´roˆme Gallard, Geoffroy Valle´e, Thomas Naughton, Adrien Le`bre, Stephen Scott, et al.. Ar-
chitecture for the Next Generation System Management Tools for Distributed Computing Plat-
forms. [Research Report] RR-7325, INRIA. 2010. <inria-00494328>
HAL Id: inria-00494328
https://hal.inria.fr/inria-00494328
Submitted on 22 Jun 2010
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
appor t  

de  r ech er ch e
IS
S
N
0
2
4
9
-6
3
9
9
IS
R
N
IN
R
IA
/R
R
--
7
3
2
5
--
F
R
+
E
N
G
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Architecture for the Next Generation System
Management Tools for Distributed Computing
Platforms
Jérôme Gallard — Geoffroy Vallée — Thomas Naughton — Adrien Lèbre — Stephen L.
Scott — Christine Morin
N° 7325
May 2010

Centre de recherche INRIA Rennes – Bretagne Atlantique
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex
Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71
❆r❝❤✐t❡❝t✉r❡ ❢♦r t❤❡ ◆❡①t ●❡♥❡r❛t✐♦♥ ❙②st❡♠
▼❛♥❛❣❡♠❡♥t ❚♦♦❧s ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣
P❧❛t❢♦r♠s
❏érô♠❡ ●❛❧❧❛r❞∗ ✱ ●❡♦✛r♦② ❱❛❧❧é❡†✱ ❚❤♦♠❛s ◆❛✉❣❤t♦♥† ✱ ❆❞r✐❡♥
▲è❜r❡‡ ✱ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt† ✱ ❈❤r✐st✐♥❡ ▼♦r✐♥∗
❚❤è♠❡ ✿ ❈❛❧❝✉❧ ❞✐str✐❜✉é ❡t ❛♣♣❧✐❝❛t✐♦♥s à très ❤❛✉t❡ ♣❡r❢♦r♠❛♥❝❡✳
➱q✉✐♣❡ ▼❨❘■❆❉❙
❘❛♣♣♦rt ❞❡ r❡❝❤❡r❝❤❡ ♥➦ ✼✸✷✺ ✖ ▼❛② ✷✵✶✵ ✖ ✷✽ ♣❛❣❡s
❆❜str❛❝t✿ ■♥ ♦r❞❡r t♦ ❣❡t ♠♦r❡ r❡s✉❧ts ♦r ❣r❡❛t❡r ❛❝❝✉r❛❝②✱ ❝♦♠♣✉t❛t✐♦♥❛❧ s❝✐✲
❡♥t✐sts ❡①❡❝✉t❡ ♠❛✐♥❧② ♣❛r❛❧❧❡❧ ♦r ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥s✱ ❛♥❞ tr② t♦ s❝❛❧❡ t❤❡s❡
❛♣♣❧✐❝❛t✐♦♥s ✉♣✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡② ✉s❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡s✱ ✉s✲
✐♥❣ ❧♦❝❛❧ ❧❛r❣❡✲s❝❛❧❡ ❍P❈ s②st❡♠s✱ ❣r✐❞s ♦r ❡✈❡♥ ❝❧♦✉❞s✳ ❍♦✇❡✈❡r✱ ✐♥ ♠♦st ♦❢
❝❛s❡s✱ t❤❡ ✉s❡ ❛♥❞ ♠❛♥❛❣❡♠❡♥t ♦❢ s✉❝❤ ♣❧❛t❢♦r♠s ✐s st❛t✐❝✳ ■♥❞❡❡❞ ❣❡♥❡r❛❧❧②✱
t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❤❛s t♦ ❜❡ ❛❞❛♣t❡❞ t♦ t❤❡ ❡♥✈✐r♦♥♠❡♥t r❛t❤❡r t❤❛♥ ❛❞❛♣t✐♥❣ t❤❡
❡♥✈✐r♦♥♠❡♥t t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s✬ ♥❡❡❞s✳ ■♥ ❛❞❞✐t✐♦♥✱ ♣❧❛t❢♦r♠s ❛r❡ ♠❛♥❛❣❡❞
t❤r♦✉❣❤ t❤❡ ❝♦♥❝❡♣t ♦❢ t✐♠❡ ❛♥❞ s♣❛❝❡ ♣❛rt✐t✐♦♥✐♥❣ ♠❛✐♥❧② ✈✐❛ t❤❡ ✉s❡ ♦❢ ❜❛t❝❤
s❝❤❡❞✉❧❡rs✿ t✐♠❡ ♣❛rt✐t✐♦♥✐♥❣ ❡♥❛❜❧❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ s❡✈❡r❛❧ ❛♣♣❧✐❝❛t✐♦♥s ♦♥
❛ s❛♠❡ r❡s♦✉r❝❡s✱ ❛♥❞ s♣❛❝❡ ♣❛rt✐t✐♦♥✐♥❣ ❡♥❛❜❧❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s
❛❝r♦ss s❡✈❡r❛❧ ❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡s✳ ❚❤✐s ❧❡❛❞s t♦ s♦♠❡ ✉s❛❣❡ ❧✐♠✐t❛t✐♦♥s✱ ✇❤❡r❡
❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ♦♥❧② ❜❡ ❡①❡❝✉t❡❞ ♦♥ ❛ s✉❜s❡t ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s✳ ❚❤❡r❡✲
❢♦r❡✱ s❝✐❡♥t✐sts ❤❛✈❡ t♦ ♠❛♥❛❣❡ t❡❝❤♥✐❝❛❧ ❞❡t❛✐❧s r❡❧❛t❡❞ t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡✐r
❛♣♣❧✐❝❛t✐♦♥s ♦♥ ❡❛❝❤ t❛r❣❡t ❍P❈ ♣❧❛t❢♦r♠s✱ ✇❤✐❝❤ ❝♦✉❧❞ r❡s✉❧t ✐♥ ❛♣♣❧✐❝❛t✐♦♥
♠♦❞✐✜❝❛t✐♦♥s✱ r❛t❤❡r t❤❛♥ ❢♦❝✉s✐♥❣ ♦♥ t❤❡ s❝✐❡♥❝❡✳
■♥ t❤✐s ❛rt✐❝❧❡✱ ✇❡ ❛❞✈♦❝❛t❡ ❢♦r ❛ s②st❡♠ ♠❛♥❛❣❡♠❡♥t t♦♦❧ ❡♥❛❜❧✐♥❣ t❤❡ tr❛♥s✲
♣❛r❡♥t ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❍P❈ ♣❧❛t❢♦r♠ ❛♥❞ t❤❡ ❝✉st♦♠✐③❛t✐♦♥ ♦❢ t❤❡ ❡①❡❝✉t✐♦♥
❡♥✈✐r♦♥♠❡♥t ❢♦r ❧❛r❣❡✲s❝❛❧❡ ❍P❈ s②st❡♠s ✭s✉❝❤ ❛s ❝❧✉st❡rs ♦r ▼PPs✮✱ ❣r✐❞s✱ ❛♥❞
❝❧♦✉❞s✳ ❲❡ ♣r♦♣♦s❡ ❛ ♥❡✇ ❛♣♣r♦❛❝❤ t♦ ♠❛♥❛❣❡ t❤❡s❡ s②st❡♠s ✐♥ ❛ ♠♦r❡ ❞②♥❛♠✐❝
❚❤✐s ✇♦r❦ ✐s ❞♦♥❡ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡ ■◆❘■❆ ❙❊❘✲❖❙ ❛ss♦❝✐❛t❡❞ t❡❛♠ ✕ ❤tt♣✿✴✴✇✇✇✳
✐r✐s❛✳❢r✴♠②r✐❛❞s✴s❡r✲♦s✴✳
∗ ■◆❘■❆ ❘❡♥♥❡s ✕ ❇r❡t❛❣♥❡ ❆t❧❛♥t✐q✉❡✱ ❘❡♥♥❡s✱ ❋r❛♥❝❡ ✕ ✜rst♥❛♠❡✳❧❛st♥❛♠❡❅✐♥r✐❛✳❢r ✕
❚❤❡ ■◆❘■❆ t❡❛♠ ❝❛rr✐❡s ♦✉t t❤✐s r❡s❡❛r❝❤ ✇♦r❦ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❳tr❡❡♠❖❙ ♣r♦❥❡❝t
♣❛rt✐❛❧❧② ❢✉♥❞❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✐ss✐♦♥ ✉♥❞❡r ❝♦♥tr❛❝t ★❋P✻✲✵✸✸✺✼✻✳
† ❖❛❦ ❘✐❞❣❡ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r②✱ ❖❛❦ ❘✐❞❣❡✱ ❚◆ ✸✼✽✸✵✱ ❯❙❆ ✕ ④✈❛❧❧❡❡❣r✱ ♥❛✉❣❤t♦♥t✱
s❝♦tts❧⑥❅♦r♥❧✳❣♦✈ ✕ ❤tt♣✿✴✴✇✇✇✳♦r♥❧✳❣♦✈ ✕ ❖❘◆▲ r❡s❡❛r❝❤ ✐s s♣♦♥s♦r❡❞ ❜② t❤❡ ❖✣❝❡ ♦❢ ❆❞✲
✈❛♥❝❡❞ ❙❝✐❡♥t✐✜❝ ❈♦♠♣✉t✐♥❣ ❘❡s❡❛r❝❤❀ ❯✳❙✳ ❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣②✳ ❚❤❡ ✇♦r❦ ✇❛s ♣❡r❢♦r♠❡❞
❛t t❤❡ ❖❛❦ ❘✐❞❣❡ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r②✱ ✇❤✐❝❤ ✐s ♠❛♥❛❣❡❞ ❜② ❯❚✲❇❛tt❡❧❧❡✱ ▲▲❈ ✉♥❞❡r ❈♦♥tr❛❝t
◆♦✳ ❉❡✲❆❈✵✺✲✵✵❖❘✷✷✼✷✺✳
‡ ❊▼◆✱ ■◆❘■❆ ❘❡♥♥❡s ✕ ❇r❡t❛❣♥❡ ❆❧t❛♥t✐q✉❡✱ ▲■◆❆✱ ◆❛♥t❡s✱ ❋r❛♥❝❡ ✕ ❛❞r✐❡♥✳❧❡❜r❡❅❡♠♥✳❢r
✷ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
✇❛②✱ ✇❤❡r❡ t❤❡ r❡s♦✉r❝❡s ❝❛♥ ❜❡ ❝♦♥✜❣✉r❡❞ ❛♥❞ r❡❝♦♥✜❣✉r❡❞ ❛✉t♦♠❛t✐❝❛❧❧② ❛♥❞
tr❛♥s♣❛r❡♥t❧②✳ ❚❤❡ ♣r♦♣♦s❡❞ s♦❧✉t✐♦♥ ✐s ♥♦t r❡♠♦✈✐♥❣ t❤❡ ❜❡♥❡✜t ♦❢ r❡s♦✉r❝❡
♠❛♥❛❣❡♠❡♥t s②st❡♠s s✉❝❤ ❛s ❜❛t❝❤ s②st❡♠ ✭t❤❡② st✐❧❧ ♣r♦✈✐❞❡ ❛ ✇❡❧❧✲❦♥♦✇♥
✐♥t❡r❢❛❝❡ ❢♦r ❥♦❜ s✉❜♠✐ss✐♦♥✮✱ ❜✉t r❛t❤❡r r❡❞❡✜♥❡ t❤❡ ✉♥❞❡r❧②✐♥❣ s②st❡♠ ❝❛♣❛✲
❜✐❧✐t✐❡s✳ ❖✉r ❛♣♣r♦❛❝❤ ✐s ❜❛s❡❞ ♦♥ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ❝♦♥❝❡♣t ♦❢ ❡♠✉❧❛t✐♦♥ ❛♥❞
✈✐rt✉❛❧✐③❛t✐♦♥ ✐♥tr♦❞✉❝❡❞ ❜② ●♦❧❞❜❡r❣✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤
❧❡❛❞s t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ♠❡t❤♦❞ t❤❛t ♣r♦✈✐❞❡s ❛ ✉♥✐q✉❡ ✐♥t❡r❢❛❝❡ t♦ s❝✐❡♥t✐sts
❢♦r t❤❡ ❞❡♣❧♦②♠❡♥t ❛♥❞ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥s ♦♥ ❍P❈ ♣❧❛t❢♦r♠s✳
❚❤✐s ♠❡t❤♦❞ ✐s ❜❛s❡❞ ♦♥ t✇♦ ❝♦♥❝❡♣ts✿ ✭✐✮ t❤❡ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t
✭❱❙❊✮✱ ❛♥❞ ✭✐✐✮ ❱✐rt✉❛❧ P❧❛t❢♦r♠s ✭❱Ps✮✳
❑❡②✲✇♦r❞s✿ ❍P❈ s②st❡♠ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱ ❋❧❡①✐❜✐❧✐t②✱ ❱✐rt✉❛❧✐③❛t✐♦♥✱
❊♠✉❧❛t✐♦♥✱ ❉✐str✐❜✉t❡❞ ❙②st❡♠s✱ ❱✐rt✉❛❧ P❧❛t❢♦r♠✱ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥✲
♠❡♥t✳
■◆❘■❆
Pr♦♣♦s✐t✐♦♥ ❞✬❆r❝❤✐t❡❝t✉r❡ ♣♦✉r ❧❛ Pr♦❝❤❛✐♥❡
●é♥ér❛t✐♦♥ ❞❡ ❙②stè♠❡s ❞❡ ●❡st✐♦♥ ❞❡s
P❧❛t❡s✲❋♦r♠❡s ❞❡ ❈❛❧❝✉❧s ❉✐str✐❜✉és
❘és✉♠é ✿ ▲❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ❝❛❧❝✉❧ ❝♦♥ç✉❡s ♣♦✉r êtr❡ ❡①é❝✉té❡s ❞❡ ♠❛♥✐èr❡
♣❛r❛❧❧è❧❡ ♦✉ ❞✐str✐❜✉é❡ ♣❡✉✈❡♥t ❣é♥ér❛❧❡♠❡♥t ♦❜t❡♥✐r ❞❡s rés✉❧t❛ts ♣❧✉s r❛♣✐❞❡✲
♠❡♥t ♦✉ ❛✈❡❝ ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ♣ré❝✐s✐♦♥ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ r❡ss♦✉r❝❡s
❞❡ ❝❛❧❝✉❧ q✉✐ ❧❡✉r ❡st ❛❧❧♦✉é❡s✳ ❆✐♥s✐✱ ✐❧ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❝♦✉r❛♥t ❞✬✉t✐❧✐s❡r✱
❞❡s r❡ss♦✉r❝❡s ❞✐str✐❜✉é❡s ❤étér♦❣è♥❡s ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡✱ ❞❡s ❝❛❧❝✉❧❛t❡✉rs à
❤❛✉t❡ ♣❡r❢♦r♠❛♥❝❡ ✭❍P❈✱ ❍✐❣❤ P❡r❢♦r♠❛♥❝❡ ❈♦♠♣✉t✐♥❣✮ q✉✐ ♣❡✉✈❡♥t êtr❡ ❞❡s
❣r❛♣♣❡s ♦✉ ❞❡s ❝❛❧❝✉❧❛t❡✉rs ♠❛ss✐✈❡♠❡♥t ♣❛r❛❧❧è❧❡s✱ ❞❡s ❣r✐❧❧❡s✱ ❞❡s ❝❡♥tr❛❧❡s ❞❡
❝❛❧❝✉❧ ✭❈❧♦✉❞✮✳
❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✱ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✬❡①é❝✉t✐♦♥ ét❛♥t
✜①❡s ♣♦✉r ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♣❤②s✐q✉❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛❞❛♣t❡r ❧✬❛♣♣❧✐❝❛t✐♦♥
❛✜♥ ❞❡ ❧✬❡①é❝✉t❡r✳ ❆✐♥s✐✱ ❜✐❡♥ s♦✉✈❡♥t✱ ❧❡s s❝✐❡♥t✐✜q✉❡s ❞♦✐✈❡♥t ♣❛ss❡r ✉♥ t❡♠♣s
♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❛♥s ❧❛ ❣❡st✐♦♥ t❡❝❤♥✐q✉❡ ❧✐é❡ à ❧✬❡①é❝✉t✐♦♥ ❞❡ ❧❡✉r ❛♣♣❧✐❝❛t✐♦♥
s✉r ❧❛ ♣❧❛t❡✲❢♦r♠❡ ♣❤②s✐q✉❡✱ t❡♠♣s q✉✐ ❛✉r❛✐t été sûr❡♠❡♥t ♣❧✉s ✉t✐❧❡ ❞✬✐♥✈❡st✐r
❞❛♥s ❧❛ s❝✐❡♥❝❡ ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥✳
❉❛♥s ❝❡ ❞♦❝✉♠❡♥t✱ ♥♦✉s ♣r♦♣♦s♦♥s ✉♥ s②stè♠❡ ❞❡ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s
♣❡r♠❡tt❛♥t ❞❡ ❣ér❡r ❧❡s ♣❧❛t❡s✲❢♦r♠❡s ♣❤②s✐q✉❡s ❛✐♥s✐ q✉❡ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts
❞✬❡①é❝✉t✐♦♥✳ ◆♦tr❡ ❛♣♣r♦❝❤❡ s❡ ❢♦♥❞❡ s✉r ✉♥ r❛✣♥❡♠❡♥t ❞❡s ❝♦♥❝❡♣ts ❞✬é♠✉❧❛t✐♦♥
❡t ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥ ♣r♦♣♦sés ♣❛r ●♦❧❞❜❡r❣ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✼✵✳ ▲✬❛♣♣r♦❝❤❡
♣r♦♣♦sé❡ ♠è♥❡ à ✉♥❡ ♠ét❤♦❞❡ ❢♦✉r♥✐ss❛♥t ❛✉① s❝✐❡♥t✐✜q✉❡s ✉♥❡ ✐♥t❡r❢❛❝❡ ✉♥✐q✉❡
❞❡ ❞é♣❧♦✐❡♠❡♥t ❡t ❞❡ ❣❡st✐♦♥ ❞❡ ❧❡✉rs ❛♣♣❧✐❝❛t✐♦♥s s✉r ❞❡s s②stè♠❡s ❞✐str✐❜✉és✳
❈❡tt❡ ❛♣♣r♦❝❤❡ r❡♣♦s❡ s✉r ❞❡✉① ❝♦♥❝❡♣ts✿ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✬❡①é❝✉t✐♦♥ ✭❱❙❊✱
❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t✮ ❡t ❧❡s ♣❧❛t❡s✲❢♦r♠❡s ✈✐rt✉❡❧❧❡s ✭❱P✱ ❱✐rt✉❛❧ P❧❛t✲
❢♦r♠✮✳
▼♦ts✲❝❧és ✿ ●❡st✐♦♥ ❞❡s ❙②stè♠❡s à ❍❛✉t❡ P❡r❢♦r♠❛♥❝❡✱ ❋❧❡①✐❜✐❧✐té✱ ❱✐rt✉❛❧✐✲
s❛t✐♦♥✱ ❊♠✉❧❛t✐♦♥✱ ❙②stè♠❡s ❉✐str✐❜✉és✱ P❧❛t❡✲❋♦r♠❡ ❱✐rt✉❡❧❧❡✱ ❊♥✈✐r♦♥♥❡♠❡♥t
❞✬❊①❡❝✉t✐♦♥ ❱✐rt✉❡❧✳
✹ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
✶ ■♥tr♦❞✉❝t✐♦♥
◆♦✇❛❞❛②s✱ ❝♦♠♣✉t❛t✐♦♥❛❧ s❝✐❡♥t✐sts ♠❛✐♥❧② ❡①❡❝✉t❡ ♣❛r❛❧❧❡❧ ♦r ❞✐str✐❜✉t❡❞ ❛♣♣❧✐✲
❝❛t✐♦♥s✱ ❛♥❞ tr② t♦ s❝❛❧❡ ✉♣ t♦ ❣❡t ♠♦r❡ r❡s✉❧ts ♦r ❣r❡❛t❡r ❛❝❝✉r❛❝②✳ ❆❝❝♦r❞✐♥❣❧②✱
t❤❡② ✉s❡ ♠♦r❡ ❛♥❞ ♠♦r❡ ❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡s✱ ✉s✐♥❣ ❧♦❝❛❧ ❧❛r❣❡✲s❝❛❧❡ ❍P❈ s②s✲
t❡♠s ✭s✉❝❤ ❛s ❝❧✉st❡rs ♦r ▼PPs✮✱ ❣r✐❞s ♦r ❡✈❡♥ ❝❧♦✉❞s✳
▼❛♥② s②st❡♠ ♠❛♥❛❣❡♠❡♥t t♦♦❧s ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ❛♥❞ ❞❡✈❡❧♦♣❡❞ ❢♦r t❤❡s❡
♣❧❛t❢♦r♠s ❜✉t✱ t♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡✱ ❛❧❧ ❛r❡ st❛t✐❝✿
❼ ✐♥ ♠♦st ♦❢ ❝❛s❡s✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❛❞❛♣t❡❞ t♦ t❤❡ t❛r❣❡t ♣❧❛t✲
❢♦r♠✱ ✐✳❡✳✱ ✐t ✐s ✈❡r② ❞✐✣❝✉❧t t♦ s✇✐t❝❤ ❢r♦♠ ❛ ♣❧❛t❢♦r♠ t♦ ❛♥♦t❤❡r ✇✐t❤♦✉t
♠❛❦✐♥❣ s♦♠❡ ♠♦❞✐✜❝❛t✐♦♥s t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞✴♦r t❤❡ ♥❡✇ ❡①❡❝✉t✐♦♥
❡♥✈✐r♦♥♠❡♥t✱
❼ t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ♣❧❛t❢♦r♠ ✐s ♠❛✐♥❧② ❞♦♥❡ ❜② ♣❛rt✐t✐♦♥✐♥❣ t❤❡ r❡✲
s♦✉r❝❡s✱ ✐✳❡✳✱ ❣❡♥❡r❛❧❧② ❜❛t❝❤ s❝❤❡❞✉❧❡r s②st❡♠s ❛r❡ ✉s❡❞✱
❼ s②st❡♠ ♠❛♥❛❣❡♠❡♥t t♦♦❧s ❛r❡ ❞❡❞✐❝❛t❡❞ t♦ ❛ ❦✐♥❞ ♦❢ ♣❧❛t❢♦r♠✳
❚❤❡ ✜rst ♣♦✐♥t ✐♥❞✉❝❡s ❛ ❤✉❣❡ ✇❛st ♦❢ t✐♠❡ ✐♥ ♦r❞❡r t♦ ❛❞❛♣t t❤❡ ❛♣♣❧✐❝❛t✐♦♥
t♦ t❤❡ ♣❧❛t❢♦r♠ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❝✐❡♥t✐st ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❛♥❞ t❤❡ t✇♦ ♦t❤❡r
♣♦✐♥ts ✐♥❞✉❝❡ s♦♠❡ ❧✐♠✐t❛t✐♦♥s ✐♥ t❤❡ ✉s❛❣❡ ❛♥❞ t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ♣❤②s✐❝❛❧
♣❧❛t❢♦r♠s✳
❲❡ t❤✐♥❦ t❤❛t t❤❡ ❜❡st ✇❛② t♦ ❛❞❞r❡ss ❝❤❛❧❧❡♥❣❡s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♠❛♥❛❣❡✲
♠❡♥t ♦❢ ❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡s ✐s t♦ ❢♦❝✉s ♦♥ t❤❡ s❝✐❡♥t✐sts✬ ❡✣❝✐❡♥❝② ✿ ❜❛s❡❞ ♦♥
✇❤❛t t❤❡ s❝✐❡♥t✐sts ✇❛♥t t♦ ❡①❡❝✉t❡✱ t❤❡ s②st❡♠ s❤♦✉❧❞ ♣r♦✈✐❞❡ t❤❡ ❛❞❡q✉❛t❡
❝❛♣❛❜✐❧✐t✐❡s s✉❝❤ ❛s t♦♦❧s ❛♥❞ ♠❡❝❤❛♥✐s♠s t♦ ❛❜str❛❝t t❤❡ ❞✐str✐❜✉t❡❞ ♥❛t✉r❡ ♦❢
❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s✱ t♦❧❡r❛t❡ ❢❛✐❧✉r❡s ❛♥❞ ♣r♦✈✐❞❡ t❤❡ ♥❡❝❡ss❛r② r✉♥t✐♠❡s✳
❚❤❡ ♣r♦♣♦s❡❞ ✇♦r❦ ❛❞❞r❡ss❡s t❤❡s❡ ❝❤❛❧❧❡♥❣❡s ❢r♦♠ ❛ s②st❡♠ s♦❢t✇❛r❡ ♠❛♥✲
❛❣❡♠❡♥t t♦♦❧ ♣r♦s♣❡❝t✐✈❡✱ ✇✐t❤ t❤❡ ✉❧t✐♠❛t❡ ❣♦❛❧ ♦❢ ❡♥❛❜❧✐♥❣ t❤❡ ❛✉t♦♠❛t✐❝ ❛♥❞
tr❛♥s♣❛r❡♥t ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ♣❧❛t❢♦r♠s ❛♥❞ t❤❡ ❝✉st♦♠✐③❛t✐♦♥ ♦❢ t❤❡ ❡①❡❝✉✲
t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❢♦r ❧❛r❣❡✲s❝❛❧❡ ❍P❈ s②st❡♠s✳
■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ❝❛❧❧ ✢❡①✐❜✐❧✐t② ♦❢ ❛ ❝♦♠♣✉t✐♥❣ s②st❡♠✱ t❤❡ ❝❛♣❛❝✐t②
❢♦r t❤✐s s②st❡♠ t♦ ❜❡ ❝♦♥✜❣✉r❡ ❛♥❞ r❡❝♦♥✜❣✉r❡❞ ❛✉t♦♠❛t✐❝❛❧❧② ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❛♣♣❧✐❝❛t✐♦♥ ♥❡❡❞s✳ ❈♦♥s✐❞❡r✐♥❣ ❛♥ ❛❝t✐♦♥ ✭❆✮ r❡q✉✐r✐♥❣ s✉❜✲❛❝t✐♦♥ ✭❇✮ ❛♥❞ ✭❈✮
✐♥ ♦r❞❡r t♦ ❜❡ ❞♦♥❡✱ ✐♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ s❛② ❛ ✭❆✮ ✐s tr❛♥s♣❛r❡♥t ✐❢ ✐t ✐♠♣❧✐❝✐t❡❧②
❝❛❧❧s ✭❇✮ ❛♥❞ ✭❈✮✳
❚♦ ❞♦ t❤❛t✱ ✇❡ ❜r❡❛❦ ❞♦✇♥ ❛ ❝♦♠♣✉t✐♥❣ s②st❡♠ ✐♥t♦ s❡✈❡r❛❧ ❧❛②❡rs✿ ✭✵✮ s❡t
♦❢ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✱ ✭✶✮ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡ ♠❛♥❛❣❡r✱ ✭✷✮ ❡♥✈✐r♦♥♠❡♥t ❝♦♥✜❣✉r❛✲
t✐♦♥✱ ❛♥❞ ✭✸✮ ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ♣r♦♣♦s❡ t♦ ❛❞❞ ♠♦r❡ ✢❡①✐❜✐❧✐t②
✐♥ t❤❡ ✉s❛❣❡ ♦❢ t❤♦s❡ ♣❧❛t❢♦r♠s ❜② ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ✜rst t✇♦ ❧❛②❡rs ✭❧❛②❡r ✭✵✮ ❛♥❞
✭✶✮✮✳ ❲❡ ♣r♦♣♦s❡ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ❝♦♥❝❡♣t ♦❢ ❡♠✉❧❛t✐♦♥ ❛♥❞ ✈✐rt✉❛❧✐③❛t✐♦♥
✐♥tr♦❞✉❝❡❞ ❜② ●♦❧❞❜❡r❣ ✐♥ t❤❡ ✶✾✼✵s✳ ❚❤✐s r❡✜♥❡♠❡♥t ❛❧❧♦✇s ✉s t♦ ❧❡✈❡r❛❣❡ t❤❡
❝♦♥❝❡♣t ♦❢ ♣❛rt✐t✐♦♥✐♥❣ ❣❡♥❡r❛❧❧② ✉s❡❞ ✐♥ ❍P❈ s②st❡♠s ❜② ❛❞❞✐♥❣ t❤❡ ❝♦♥❝❡♣ts
♦❢ ❛❜str❛❝t✐♦♥✱ ❛❣❣r❡❣❛t✐♦♥✱ ❛♥❞ ✐❞❡♥t✐t②✳ ❚❤❡s❡ ❝♦♥❝❡♣ts ❡♥❛❜❧❡ t❤❡ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ❛s ✏▲❡❣♦✑ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♣✉t t❤❡♠ t♦❣❡t❤❡r ✐♥
♦r❞❡r t♦ ❤❛✈❡ s♦♠❡t❤✐♥❣ ♠♦r❡ ♣♦✇❡r❢✉❧✳
■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❛♣♣r♦❛❝❤ ❢♦r t❤❡ ♦♥✲❞❡♠❛♥❞ ❝r❡❛t✐♦♥ ♦❢ ❡①❡❝✉t✐♦♥
❡♥✈✐r♦♥♠❡♥ts✱ ❜② ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ❧❛st t✇♦ ❧❛②❡rs ✭❧❛②❡r ✭✷✮ ❛♥❞ ✭✸✮✮✳ ❚❤✐s s❤♦✉❧❞
❜❡ ❞♦♥❡ ✐♥ ❛ tr❛♥s♣❛r❡♥t ✇❛② ❢r♦♠ t❤❡ s❝✐❡♥t✐st ♣♦✐♥t ♦❢ ✈✐❡✇✳
❚❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤ ❧❡❛❞s t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ♠❡t❤♦❞ ✐♥ ♦r❞❡r t♦ ❡①♣♦s❡
t♦ s❝✐❡♥t✐sts ❛ ✉♥✐q✉❡ ✐♥t❡r❢❛❝❡ t♦ ❞❡♣❧♦② ❛♥❞ ♠❛♥❛❣❡ t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥s ♦♥ ❍P❈
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✺
♣❧❛t❢♦r♠s✳ ❚❤✐s ♠❡t❤♦❞ ✐s ❜❛s❡❞ ♦♥ t✇♦ ❞✐✛❡r❡♥t ❝♦♥❝❡♣ts✿ ✭✐✮ ❱✐rt✉❛❧ P❧❛t❢♦r♠s
✭❱Ps✮ ❢♦r t❤❡ ❧❛②❡rs ✭✵✮ ❛♥❞ ✭✶✮ ❛♥❞ ✭✐✐✮ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t ✭❱❙❊✮ ❢♦r
t❤❡ ❧❛②❡rs ✭✷✮ ❛♥❞ ✭✸✮✳ ❆ ❱P ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛♣♣❧✐❝❛t✐♦♥✬s ♥❡❡❞s ✐♥ t❡r♠s
♦❢ r❡s♦✉r❝❡s✳ ❚❤❡s❡ r❡s♦✉r❝❡s ❝❛♥ ❜❡ ♣❤②s✐❝❛❧ ♦r ✈✐rt✉❛❧✳ ❆ ❱❙❊ ❛❧❧♦✇s ♦♥❡
t♦ ❞❡s❝r✐❜❡ ❛♣♣❧✐❝❛t✐♦♥✬s ♥❡❡❞s ✐♥ t❡r♠s ♦❢ s♦❢t✇❛r❡ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ s♦❢t✇❛r❡
❝♦♥✜❣✉r❛t✐♦♥✳
❚❤❡ ♠❛♥❛❣❡♠❡♥t t♦♦❧ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❞♦❝✉♠❡♥t ✐s ❛❜❧❡ t♦ ✐♥st❛♥t✐❛t❡ ❱Ps
♦♥ t♦♣ ♦❢ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ❛♥❞ ❱❙❊s ♦♥ t♦♣ ♦❢ ❱Ps ✐♥ ♦r❞❡r t♦ tr❛♥s♣❛r❡♥t❧②
❡①❡❝✉t❡ ❛♣♣❧✐❝❛t✐♦♥s✳
❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❞♦❝✉♠❡♥t ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ✐♥tr♦✲
❞✉❝❡s ❡①✐st✐♥❣ s♦❧✉t✐♦♥s ❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ ❍P❈ s②st❡♠s✱ ❣r✐❞s✱ ❛♥❞ ❝❧♦✉❞s✳
❚❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤ ✐♥ ♦r❞❡r t♦ ♠❛❦❡ ❝♦♠♣✉t✐♥❣ s②st❡♠s ♠♦r❡ ✢❡①✐❜❧❡ ✐s
♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳ ❙❡❝t✐♦♥ ✹ ♣r❡s❡♥ts ❛ ♠❡t❤♦❞ ✐♥ ✇❤✐❝❤ s❝✐❡♥t✐sts ❤❛✈❡ ❛
✉♥✐q✉❡ ✇❛② t♦ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ♣❧❛t❢♦r♠s ❢♦r t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡✐r ♥❡❡❞s ✐♥
t❡r♠ ♦❢ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ♣❧❛t❢♦r♠ ❝♦♥✜❣✉r❛t✐♦♥✳ ❙❡❝t✐♦♥ ✺ ♣r❡s❡♥ts
t❤❡ ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♦✉r ♣r♦t♦t②♣❡✱ ❛♥❞ ❙❡❝t✐♦♥ ✻ s❤♦✇s ❛ t②♣✐❝❛❧ ✉s❡
❝❛s❡✳ ❋✐♥❛❧❧②✱ ❙❡❝t✐♦♥ ✼ ❝♦♥❝❧✉❞❡s ❛♥❞ ♣r❡s❡♥ts s♦♠❡ ❢✉t✉r❡ ✇♦r❦✳
✷ ❙t❛♥❞❛r❞ ❆♣♣r♦❛❝❤❡s ✐♥ ❖r❞❡r t♦ ▼❛♥❛❣❡ ❉✐s✲
tr✐❜✉t❡❞ ❛♥❞ P❛r❛❧❧❡❧ P❧❛t❢♦r♠s
❚❤❡ ♠♦st ❝♦♠♠♦♥ ✇❛② ♦❢ ❡①♣❧♦✐t✐♥❣ ❞✐str✐❜✉t❡❞ ❛r❝❤✐t❡❝t✉r❡s ❧✐❦❡ ❝❧✉st❡rs ♦r
❣r✐❞s r❡❧✐❡s ♦♥ ❛ r❡s❡r✈❛t✐♦♥ s❝❤❡♠❡ ✇❤❡r❡ ❛ st❛t✐❝ s❡t ♦❢ r❡s♦✉r❝❡s ✭❛ ♣❛rt✐✲
t✐♦♥ ♦❢ t❤❡ r❡s♦✉r❝❡s✮ ✐s ❛ss✐❣♥❡❞ t♦ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ❞✉r✐♥❣ ❛ ❜♦✉♥❞❡❞ ❛♠♦✉♥t
♦❢ t✐♠❡ ❬✶✻❪✳ ❚♦rq✉❡ ❬✷❪✱ ♦r ❙✉♥ ●r✐❞ ❊♥❣✐♥❡ ❬✶❪ ❛r❡ ❡①❛♠♣❧❡ ♦❢ ✇❡❧❧ ❦♥♦✇♥
❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡ ♠❛♥❛❣❡r✳
❚❤✐s ♠♦❞❡❧ ♦❢ ✉s✐♥❣ ♣❧❛t❢♦r♠s✱ ❡✈❡♥ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❜❛❝❦✲✜❧❧✐♥❣ ♠❡t❤♦❞s ❬✷✸❪✱
❧❡❛❞s ❣❡♥❡r❛❧❧② t♦ ❛ ❝♦❛rs❡✲❣r❛✐♥ ❡①♣❧♦✐t❛t✐♦♥ ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡ s✐♥❝❡ r❡s♦✉r❝❡s
❛r❡ s✐♠♣❧② r❡❛ss✐❣♥❡❞ t♦ ❛♥♦t❤❡r ❛♣♣❧✐❝❛t✐♦♥ ❛t t❤❡ ❡♥❞ ♦❢ ❛❧❧♦❝❛t❡❞ s❧♦ts ✇✐t❤♦✉t
❝♦♥s✐❞❡r✐♥❣ t❤❡ ❛❝t✉❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❝♦♠♣❧❡t✐♦♥✳ ■♥ t❤❡ ❜❡st ❝❛s❡✱ t❤❡ t✐♠❡ s❧♦t ✐s
❧♥♦❣❡r t❤❛♥ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ r❡s♦✉r❝❡s ❛r❡ s✐♠♣❧② ✉♥❞❡r
✉s❡❞✳ ■♥ t❤❡ ✇♦rst ♦♥❡✱ r✉♥♥✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✇✐t❤❞r❛✇♥ ❢r♦♠ t❤❡✐r r❡s♦✉r❝❡s
❜❡❢♦r❡ ❝♦♠♣❧❡t✐♦♥✱ ♣♦t❡♥t✐❛❧❧② ❧❡❛❞✐♥❣ t♦ t❤❡ ❧♦ss ♦❢ ❛❧❧ ♣❡r❢♦r♠❡❞ ❝♦♠♣✉t❛t✐♦♥s
❛♥❞ r❡q✉✐r✐♥❣ t♦ ❡①❡❝✉t❡ ❛❣❛✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❢r♦♠ s❝r❛t❝❤✳ ■❢ t❤❡ ❢♦r♠❡r ❝❛s❡
✐s ♥♦t r❡❛❧❧② ❝r✐t✐❝❛❧ ❢r♦♠ t❤❡ s❝✐❡♥t✐st ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡ ❧❛tt❡r r❡q✉✐r❡s t♦ ❞❡❛❧
✇✐t❤ ❝❤❡❝❦♣♦✐♥t✐♥❣ ✐ss✉❡s t♦ ❡♥s✉r❡ t❤❡ ♣r♦❣r❡ss ♦❢ t❤❡ ❥♦❜s✳ ❍♦✇❡✈❡r✱ t♦ ❜❡
❛❜❧❡ t♦ ✉s❡ ❝❤❡❝❦♣♦✐♥t✐♥❣ ♠❡❝❤❛♥✐s♠✱ s❝✐❡♥t✐sts ❣❡♥❡r❛❧❧② ♥❡❡❞ t♦ ❛❞❛♣t t❤❡
❛♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ s②st❡♠✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡s❡ s♦❧✉t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ✭✐✮
✉s❡r s♣❛❝❡✱ ✐✳❡✳✱ ❛t ❛♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧ ✭❛ ❧✐♥❦❛❣❡ ✇✐t❤ s♣❡❝✐❛❧ ❧✐❜r❛r✐❡s ✐s ❣❡♥❡r❛❧❧②
r❡q✉✐r❡❞✮ ❬✶✾✱ ✷✷❪ ♦r ✭✐✐✮ ✐♥ ❦❡r♥❡❧ s♣❛❝❡ ✭❣❡♥❡r❛❧❧② ✉s✐♥❣ s♣❡❝✐✜❝ ❖❙✮ ❬✶✶✱ ✷✹❪✳
❯❧t✐♠❛t❡❧②✱ ❡✈❡♥ ✐❢ r❡s♦✉r❝❡ ♠❛♥❛❣❡rs ❛r❡ ❣❡♥❡r❛❧❧② ✈❡r② ♣♦♣✉❧❛r✱ t❤❡② ❤❛✈❡ s♦♠❡
❧✐♠✐t❛t✐♦♥s✿ ✭✐✮ ❢r♦♠ t❤❡ r❡s♦✉r❝❡ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡② ♦♥❧② ❛❧❧♦✇ ♣❛rt✐t✐♦♥✐♥❣ ♦❢
t❤❡ r❡s♦✉r❝❡s✱ ❛♥❞ ✭✐✐✮ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❛❞❛♣t❡❞ t♦ t❤❡ s②st❡♠✳
▼❛♥② s✐❣♥✐✜❝❛♥t ♦r❣❛♥✐③❛t✐♦♥s ❢♦❝✉s ♦♥ ♣r♦✈✐❞✐♥❣ ❛ ❤✐❣❤❧② ❝♦♥✜❣✉r❛❜❧❡ ❡♥✈✐✲
r♦♥♠❡♥t✱ ✇❤✐❝❤ ♠❡❡ts t❤❡ ♥❡❡❞s ♦❢ t❤❡ ✉s❡r ❛♣♣❧✐❝❛t✐♦♥✳ ❙✉❝❤ ❛♣♣r♦❛❝❤❡s ❤❛✈❡
❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ●▲❖❇❯❙ ❛❧❧✐❛♥❝❡ ✇✐t❤ ✐ts ❲♦r❦s♣❛❝❡ ❙❡r✈✐❝❡ ❬✶✷❪✳ ❍♦✇✲
❡✈❡r✱ t❤❡② ❞♦ ♥♦t ♣r♦✈✐❞❡ ❛♥ ❡❛s② ❛♥❞ tr❛♥s♣❛r❡♥t ✇❛② t♦ ❞②♥❛♠✐❝❛❧❧② ♠❛♥❛❣❡
r❡s♦✉r❝❡s✳
❘❘ ♥➦ ✼✸✷✺
✻ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
■♥ t❤❡ ❛r❡❛ ♦❢ ❈❧♦✉❞ ❝♦♠♣✉t✐♥❣✱ s♦♠❡ ♦♣❡♥✲s♦✉r❝❡ ♣r♦❥❡❝ts ❧✐❦❡ ◆✐♠❜✉s ❬✶✸❪✱
❊✉❝❛❧②♣t✉s ❬✶✽❪ ♦r ❙♥♦✇❋❧♦❝❦ ❬✶✹❪ ❛❧❧♦✇ ✉s❡rs t♦ ❞❡♣❧♦② t❤❡✐r ❝❧♦✉❞ ❛♥❞ ♠❛♥❛❣❡
❛ ✈✐rt✉❛❧ ❝❧✉st❡r ♦♥ ❛ ♣❤②s✐❝❛❧ ♦♥❡✳ ❍♦✇❡✈❡r✱ r❡s♦✉r❝❡s ❛r❡ ♣❛rt✐t✐♦♥❡❞ ❛♥❞
❛♣♣❧✐❝❛t✐♦♥s s❤♦✉❧❞ ❜❡ ❛❞❛♣t❡❞ t♦ t❤❡ ❝❧♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳
❆▲❆❉❉■◆✲●✺❑✱ ❛❧s♦ ❦♥♦✇♥ ❛s ●r✐❞✬✺✵✵✵ ❬✹❪✱ ✐s ❛ ❋r❡♥❝❤ ♥❛t✐♦♥❛❧ ●r✐❞
P❧❛t❢♦r♠ ✉s❡❞ ❢♦r ❝♦♠♣✉t❡r s❝✐❡♥❝❡ r❡s❡❛r❝❤ ✐♥ ♦r❞❡r t♦ ❡①♣❡r✐♠❡♥t ❛❧❧ ❧❛②❡rs ♦❢
●r✐❞ s♦❢t✇❛r❡✳ ❙❝✐❡♥t✐sts r❡s❡r✈❡ ●r✐❞✬✺✵✵✵ ♥♦❞❡s✱ ❛♥❞ ❞❡♣❧♦② t❤❡✐r ❡①♣❡r✐♠❡♥ts✳
❚❤❡ ♣❧❛t❢♦r♠ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✾ s✐t❡s ❞✐str✐❜✉t❡❞ ❛r♦✉♥❞ ❋r❛♥❝❡✳ ●r✐❞✬✺✵✵✵ ❛❧✲
❧♦✇s s❝✐❡♥t✐sts t♦ ❤❛✈❡ t❤❡ ❢✉❧❧ ❝♦♥tr♦❧ ♦❢ t❤❡ r❡s♦✉r❝❡s ❛ss✐❣♥❡❞ t♦ t❤❡♠✳ ❚❤❡
●r✐❞✬✺✵✵✵ ✐♥❢r❛str✉❝t✉r❡ ✐s ❛ ❣♦♦❞ ❡①❛♠♣❧❡ ♦❢ r❡s♦✉r❝❡ ✢❡①✐❜✐❧✐t②✳ ❍♦✇❡✈❡r✱ ✐t
✐s ❝♦♠♣❧✐❝❛t❡❞ t♦ ❞♦♠❡st✐❝❛t❡ ✐t ❛♥❞ ♥❛t✐✈❡❧② ❛❧❧♦✇s ♦♥❧② ♣❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡
r❡s♦✉r❝❡s✳
❏♦❜ ❉❡s❝r✐♣t✐♦♥ ▲❛♥❣✉❛❣❡ ✭❏❙❉▲✮ ❬✸❪ ❛♥❞ ✐ts ❡①t❡♥s✐♦♥ t♦ ❞❡s❝r✐❜❡ ♣❛r❛❧❧❡❧
❛♣♣❧✐❝❛t✐♦♥ ❬✷✶❪ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛ ♥♦♥✲✐♥t❡r❛❝t✐✈❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❆ ❏❙❉▲ ✜❧❡
✐s t②♣✐❝❛❧❧② s❡♥t t♦ ❛ ❜❛t❝❤ s❝❤❡❞✉❧❡r✳ ❍♦✇❡✈❡r✱ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛✲
t✐♦♥✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ t❤❡✐r ❝♦♥✜❣✉r❛t✐♦♥s ✐s ❧✐♠✐t❡❞✳
❆r❝❤✐t❡❝t✉r❡ ❉❡s❝r✐♣t✐♦♥ ▲❛♥❣✉❛❣❡ ✭❆❉▲✮ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛♥ ❛♣♣❧✐✲
❝❛t✐♦♥ ✇✐t❤♦✉t ♠❛❦✐♥❣ ❛♥② ❛ss✉♠♣t✐♦♥s ❝♦♥❝❡r♥✐♥❣ ✐ts ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✳
❆❝♠❡ ❬✽❪ ♦r ❉❛r✇✐♥ ❬✶✺❪ ❛r❡ ❡①❛♠♣❧❡ ♦❢ ❆❉▲ ❧❛♥❣✉❛❣❡s✳ ❚❤✐s ✐s ❛ ❣♦♦❞ ✇❛②
t♦ s❡♣❛r❛t❡ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛ ❝♦♠♣❧❡① ♣❧❛t❢♦r♠ ❛♥❞ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡
❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✳ ❲❡ ✇❛♥t t♦ ❜❛s❡ ♦✉r ✇♦r❦ ✇✐t❤ t❤❡ s❛♠❡ ❡♥✈✐r♦♥♠❡♥t
♠❛♥❛❣❡♠❡♥t ❝♦♥❝❡♣ts✳ ❍♦✇❡✈❡r ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①t❡♥❞ t❤✐s ❦✐♥❞ ♦❢ ✇♦r❦ ✐♥
♦r❞❡r t♦ ♣r♦✈✐❞❡ ♠♦r❡ ✢❡①✐❜✐❧✐t② t♦ t❤❡ ♣❤②s✐❝❛❧ ♣❧❛t❢♦r♠✳
✸ ❆ ◆❡✇ ❆♣♣r♦❛❝❤ ❢♦r t❤❡ ▼❛♥❛❣❡♠❡♥t ♦❢ ❉✐s✲
tr✐❜✉t❡❞ ❛♥❞ P❛r❛❧❧❡❧ P❧❛t❢♦r♠s
❈❧♦✉❞s✱ ❣r✐❞s✱ ❝❧✉st❡rs ❛♥❞ ▼PPs ❛r❡ ❜② ♥❛t✉r❡ ❞✐✛❡r❡♥t ❝♦♠♣✉t✐♥❣ ♣❧❛t❢♦r♠s✿
s♦♠❡ s♣❛♥ ❛❝r♦ss ♠✉❧t✐♣❧❡ s✐t❡s✱ ❛♥❞ ♠✉❧t✐♣❧❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞♦♠❛✐♥s✱ ✇❤❡r❡❛s
♦t❤❡rs ❛r❡ s✐♥❣❧❡ s✐t❡ ❛♥❞ s✐♥❣❧❡ ❛❞♠✐♥✐str❛t✐✈❡ ❞♦♠❛✐♥✳
❲❡ ❛✐♠ ❛t ❢❡❞❡r❛t✐♥❣ t♦♦❧s ❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ s✉❝❤ ♣❧❛t❢♦r♠s ✐♥ ♦r❞❡r
t♦✿ ✭✐✮ ❡♥❛❜❧❡ ♠♦r❡ ✢❡①✐❜✐❧✐t② ✐♥ t❤❡ ✉s❛❣❡ ❛♥❞ t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ♣❤②s✲
✐❝❛❧ r❡s♦✉r❝❡s✱ ❛♥❞ ✭✐✐✮ ❛✉t♦♠❛t✐❝❛❧❧② ❛❞❛♣t t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t t♦ t❤❡
❛♣♣❧✐❝❛t✐♦♥✳ ❚♦ ❛❝❝♦♠♣❧✐s❤ t❤✐s ❣♦❛❧✱ ❛❞❡q✉❛t❡ ❛❜str❛❝t✐♦♥s ❛r❡ ♠❛♥❞❛t♦r②✳
❚❤❡r❡❢♦r❡✱ ✇❡ ❜❛s❡ ♦✉r ❛♣♣r♦❛❝❤ ♦♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❢♦r♠❛❧✐s♠s t❤❛t ❡♥❛❜❧❡s
t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ r❡s♦✉r❝❡ ❛♥❞ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t r❡q✉✐r❡❞ ❜② ❛ ❣✐✈❡♥ ❛♣✲
♣❧✐❝❛t✐♦♥✱ ✇✐t❤♦✉t ♠❛❦✐♥❣ ❛♥② ❛ss✉♠♣t✐♦♥ ♦♥ t♦ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
✸✳✶ ❘❡s♦✉r❝❡ ❛♥❞ ❊①❡❝✉t✐♦♥ ❊♥✈✐r♦♥♠❡♥t ▼❛♥❛❣❡♠❡♥t
❲❡ ❛ss✉♠❡ ❛ ❝♦♠♣✉t✐♥❣ s②st❡♠ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✹ ❧❛②❡rs✿ ✭✵✮ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s
✭t❤❡ ♣❧❛t❢♦r♠✮✱ ✭✶✮ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡ ♠❛♥❛❣❡r✱ ✭✷✮ ❡♥✈✐r♦♥♠❡♥t ❝♦♥✜❣✉r❛t✐♦♥✱
✭✸✮ ❛♣♣❧✐❝❛t✐♦♥ ✭s❡❡ ❋✐❣✉r❡ ✶✮✳
❚❤❡ ✜rst t✇♦ ❧❛②❡rs ❛r❡ ❧✐♥❦❡❞ ✇✐t❤ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ❛♥❞ ✐ts ♠❛♥❛❣❡✲
♠❡♥t✳ ❚❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ✭❧❛②❡r ✭✵✮✮ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❡s♦✉r❝❡s ❝♦♠♣♦s✲
✐♥❣ t❤❡ ♣❧❛t❢♦r♠✳ ❚❤❡s❡ r❡s♦✉r❝❡s ❝❛♥ ❜❡ ❞✐str✐❜✉t❡❞ ❛❝r♦ss ❛ s✐♥❣❧❡ s✐t❡✱ ❧✐❦❡
❝❧✉st❡rs✱ ♦r ❛❝r♦ss ♠✉❧t✐♣❧❡ s✐t❡✱ ❧✐❦❡ ❣r✐❞s✳ ❚❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡r ✭❧❛②❡r ✭✶✮✮
❝♦rr❡s♣♦♥❞s t♦ t❤❡ s②st❡♠ ♠❛♥❛❣✐♥❣ t❤❡ r❡s♦✉r❝❡s✱ ❢♦r ✐♥st❛♥❝❡✱ ❛♥ ♦♣❡r❛t✐♥❣
s②st❡♠✱ ♦r ❛ ❜❛t❝❤ s❝❤❡❞✉❧❡r✳ ❖❢ ❝♦✉rs❡✱ t❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡r ❧❛②❡r ❝❛♥ ❜❡
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✼
P1 P2 Pn
(0)
Physical 
resources
PRM1-0 PRM2-0 PRMn-0
(1)
Physical 
resource 
manager
...
...
PRM1-k
... ... ......
PRM2-k PRMn-k...
EC1-0 EC2-0 ECn-0...
EC1-k
... ... ......
EC2-k ECn-k...
(2)
Environment 
configuration
Application(3)
❋✐❣✉r❡ ✶✿ ❈♦♠♣✉t✐♥❣ ❙②st❡♠ ▲❛②❡rs
❜r❡❛❦ ❞♦✇♥ ✐♥t♦ s✉❜✲❧❛②❡rs✿ ♦♥❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡r ❝❛♥ ❜❡ s❡t✉♣ ♦♥ t♦♣ ♦❢ ❛♥✲
♦t❤❡r✳ ❈✉rr❡♥t❧②✱ ♠♦st ♦❢ t❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡rs ❡♥❛❜❧❡ r❡s♦✉r❝❡ ♣❛rt✐t✐♦♥✐♥❣✳
■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ❧❡✈❡r❛❣❡ t❤✐s ♣♦✐♥t ❜② ✐♥tr♦❞✉❝✐♥❣ ♥❡✇ ❝♦♥❝❡♣ts t♦ ❡♥❛❜❧❡
❛ ❞②♥❛♠✐❝ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡s❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
❚❤❡ s♦❢t✇❛r❡ ❝♦♥✜❣✉r❛t✐♦♥ ✭❧❛②❡r ✭✷✮✮ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢
t❤❡ ❡♥✈✐r♦♥♠❡♥t ❢♦r ❡①❡❝✉t✐♦♥ ♦❢ ❛ ❣✐✈❡♥ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✭❧❛②❡r
✭✸✮✮ ✐s t❤❡ s❝✐❡♥t✐✜❝ ❛♣♣❧✐❝❛t✐♦♥✳
❚❤❡ ❛❜str❛❝t✐♦♥ ♣r♦♣♦s❡❞ ❜② ♦✉r ♠❛♥❛❣❡♠❡♥t t♦♦❧ ❛✐♠s ❛t ❤✐❞✐♥❣ t❤❡ ❝❤❛❧✲
❧❡♥❣❡s ❝r❡❛t❡❞ ❜② t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ♣❛r❛❧❧❡❧✴❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥s ♦♥ t♦♣ ♦❢
♣❛r❛❧❧❡❧✴❞✐str✐❜✉t❡❞ ♣❧❛t❢♦r♠s✱ ❢r♦♠ t❤❡ ♠✉❧t✐✲s✐t❡s✴♠✉❧t✐✲✉s❡rs ❝❛s❡✱ ❞♦✇♥ t♦
t❤❡ ✉♥✐✲s✐t❡✴✉♥✐✲✉s❡r ❝❛s❡✳
❚♦ s✉♠♠❛r✐③❡✱ ♦✉r s♦❧✉t✐♦♥ ❢♦❝✉s❡s ♦♥ t❤❡ t❤r❡❡ ❢♦❧❧♦✇✐♥❣ ❛s♣❡❝ts✿
❼ ❋r♦♠ ❛ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✇❡ ♥❡❡❞ ❛ ❢♦r♠❛❧✐s♠ ✐♥ ♦r❞❡r
t♦ ❜❡ ❛❜❧❡ t♦ ❞❡s❝r✐❜❡ t❤❡ r❡q✉✐r❡❞ ♣❧❛t❢♦r♠ ✇✐t❤♦✉t ♠❛❦✐♥❣ ❛♥② ❛ss✉♠♣✲
t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
❼ ❋r♦♠ ❛♥ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✇❡ ♥❡❡❞ ❛ ❢♦r♠❛❧✐s♠ ✐♥
♦r❞❡r t♦ ❜✉✐❧❞ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❛❞❛♣t❡❞ t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ t❤✐s ✇✐❧❧
❡♥❛❜❧❡ t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥
✐♥st❡❛❞ ♦❢ ❛❞❛♣t✐♥❣ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ ❡♥✈✐r♦♥♠❡♥t✳
❼ ❋✐♥❛❧❧②✱ ✇❡ ♥❡❡❞ ❛ ✏❞r✐✈❡r✑ t♦ ♠❛♥❛❣❡ t❤❡s❡ t♦♦❧s ❛♥❞ ✏❜✉✐❧❞✑ t❤❡ ♥❡❡❞❡❞
♣❧❛t❢♦r♠✱ ❛♥❞ ❝♦♥✜❣✉r❡ t❤❡ ♥❡❡❞❡❞ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✳
❘❘ ♥➦ ✼✸✷✺
✽ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
✸✳✷ ❋♦r♠❛❧✐s❛t✐♦♥ ♦❢ ❱✐rt✉❛❧✐③❛t✐♦♥ ❙②st❡♠
❚♦ ♣r♦♣♦s❡ ❛ ❢♦r♠❛❧✐s♠ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❜♦t❤ ❢♦r t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛❧❧ ❝♦♠♣✉t✲
✐♥❣ s②st❡♠s ✇✐t❤♦✉t ♠❛❦✐♥❣ ❛ss✉♠♣t✐♦♥s ❛❜♦✉t t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✱ ❛♥❞ ❢♦r
t❤❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ✢❡①✐❜✐❧✐t② ❢♦r r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱ ✇❡ ♣r♦♣♦s❡ ❛ r❡✜♥❡♠❡♥t
♦❢ t❤❡ t❤❡♦r② ♦❢ ●♦❧❞❜❡r❣✳ ❇❡❢♦r❡ t♦ ♣r❡s❡♥t ♦✉r r❡✜♥❡♠❡♥t✱ ✇❡ ❜r✐❡✢② ✐♥tr♦❞✉❝❡
✐ts t❤❡♦r②✳
■♥ ✶✾✼✸✱ ●♦❧❞❜❡r❣ ♣r♦♣♦s❡❞ ❛ ❢♦r♠❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝♦♥❝❡♣t✳ ❍✐s
♠♦❞❡❧ r❡❧✐❡s ♦♥ t✇♦ ❢✉♥❝t✐♦♥s✱ φ ❛♥❞ f ❬✶✵✱ ✷✵❪✳ ❚❤❡ ❢✉♥❝t✐♦♥ φ ♠❛❦❡s t❤❡ ❛ss♦✲
❝✐❛t✐♦♥ ❜❡t✇❡❡♥ ♣r♦❝❡ss❡s r✉♥♥✐♥❣ ✐♥ t❤❡ ❱▼ ❛♥❞ r❡s♦✉r❝❡s ❡①♣♦s❡❞ ✇✐t❤✐♥ t❤❡
❱▼❀ ✇❤❡r❡❛s t❤❡ ❢✉♥❝t✐♦♥ f ♠❛❦❡s t❤❡ ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ r❡s♦✉r❝❡s ❛❧❧♦❝❛t❡❞
t♦ ❛ ❱▼ ❛♥❞ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✳ ❋✉♥❝t✐♦♥s φ ❛♥❞ ❢ ❛r❡ t♦t❛❧❧② ✐♥❞❡♣❡♥❞❡♥t✱ ❛s
φ ✐s ❧✐♥❦❡❞ t♦ ♣r♦❝❡ss❡s ✐♥ t❤❡ ❱▼✱ ❢ ✐s ❧✐♥❦❡❞ t♦ r❡s♦✉r❝❡s✳
❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ▲❡t✿
❼ V = {v0, v1, ..., vm} ❜❡ t❤❡ s❡t ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳
❼ R = {r0, r1, ..., rn} ❜❡ t❤❡ s❡t ♦❢ r❡s♦✉r❝❡s ♣r❡s❡♥t ✐♥ t❤❡ r❡❛❧ ❤❛r❞✇❛r❡✳
●♦❧❞❜❡r❣ ❞❡✜♥❡s f : V → R s✉❝❤ t❤❛t ✐❢ y ∈ V ❛♥❞ z ∈ R t❤❡♥ f(y) = z✱ ✐❢ z
✐s t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡ ❢♦r t❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡ y✳
❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ r❡❝✉rs✐♦♥ ✐♥ t❤❡ ♠❡❛♥✐♥❣ ♦❢ ●♦❧❞❜❡r❣ ❘❡❝✉rs✐♦♥ ❝♦✉❧❞
❜❡ r❡❛❝❤❡❞ ✐♥t❡r♣r❡t✐♥❣ V ❛♥❞ R ❛s t✇♦ ❛❞❥❛❝❡♥t ❧❡✈❡❧s ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳
❚❤❡♥✱ t❤❡ r❡❛❧ ♣❤②s✐❝❛❧ ♠❛❝❤✐♥❡ ✐s ❧❡✈❡❧ 0 ❛♥❞ ✈✐rt✉❛❧ r❡s♦✉r❝❡s ✐s ❧❡✈❡❧ n✳ ❆s ❛
❝♦♥s❡q✉❡♥❝❡✱ f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ ❧❡✈❡❧ n ❛♥❞ ❧❡✈❡❧ n + 1✳
❘❡❝✉rs✐♦♥ ❡①❛♠♣❧❡ ■❢ f1 : V1 → R✱ f2 : V2 → V1✱ t❤❡♥✱ ❛ ❧❡✈❡❧ ✷ ✈✐r✲
t✉❛❧ r❡s♦✉r❝❡ ♥❛♠❡ y ✐s ♠❛♣♣❡❞ ✐♥t♦ f1(f2(y)) ♦r f1of2(y)✳ ❚❤❡♥✱ ●♦❧❞❜❡r❣
❣❡♥❡r❛❧✐③❡❞ t❤✐s ❝❛s❡ ✇✐t❤ ♥✲r❡❝✉rs✐♦♥✿ f1of2o...ofn(y)✳
❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ φ ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ▲❡t✿ P = {p0, p1, ..., pj} ❜❡
t❤❡ s❡t ♦❢ ♣r♦❝❡ss❡s✳ ●♦❧❞❜❡r❣ ❞❡✜♥❡s φ : P → R s✉❝❤ t❤❛t ✐❢ x ∈ P ✱ y ∈ R t❤❡♥
φ(x) = y, ✐❢ y ✐s t❤❡ r❡s♦✉r❝❡ ❢♦r t❤❡ ♣r♦❝❡ss x.
❊①❡❝✉t✐♦♥ ♦❢ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡ ❘✉♥♥✐♥❣ ❛ ♣r♦❝❡ss ♦♥ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡
♠❡❛♥s r✉♥♥✐♥❣ ❛ ♣r♦❝❡ss ♦♥ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳ ❚❤✉s✱ ✐❢ ♣r♦❝❡ss❡s P = {p0, p1, ..., pj}
r✉♥ ♦♥ t❤❡ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡ ❝♦♠♣♦s❡❞ ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s V = {v0, v1, ..., vm}✱
t❤❡♥ φ : P → V ✳ ❚❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✱ ✐♥ t✉r♥✱ ❛r❡ ♠❛♣♣❡❞ ✐♥t♦ t❤❡✐r ❡q✉✐✈❛✲
❧❡♥ts✿ foφ : P → R✳
●❡♥❡r❛❧ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ❋r♦♠ t❤❡ ♣r❡✈✐♦✉s st❛t❡♠❡♥t✱ ●♦❧❞❜❡r❣ ❞❡✜♥❡❞
t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡✿ f1of2o...ofnoφ✳
❱✐rt✉❛❧✐③❛t✐♦♥ ✈s ❊♠✉❧❛t✐♦♥ ●♦❞❧❜❡r❣ ❞❡✜♥❡❞ t❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥ ❜② ❬✾✱ ✷✺❪✿ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ✇❤❡♥ t❤❡ ♣❛rt ♦❢ t❤❡
♥♦♥✲♣r♦t❡❝t❡❞ ❝♦❞❡ ✐s r✉♥ ❞✐r❡❝t❧② ♦♥ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ✇❤❡r❡❛s ❡♠✉❧❛t✐♦♥ ✐s
✇❤❡♥ t❤❡ ❝♦❞❡ ✭♣r♦t❡❝t❡❞ ♦r ♥♦t✮ ✐s r✉♥ ❜② ♠❡❛♥s ♦❢ ❛ ♠✐❝r♦✲❝♦❞❡ ✭✐♥t❡r❢❛❝❡✮
t❤❛t ✐s ♥♦t ❛ ♣❤②s✐❝❛❧ ♣❛rt ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ r❡s♦✉r❝❡✳
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✾
●♦❧❞❜❡r❣ ❈❧❛ss✐✜❝❛t✐♦♥ ▲✐♠✐t❛t✐♦♥s✿ ◆❡❡❞ ❢♦r ❛ ❘❡✜♥❡♠❡♥t ❚❤❡ t❤❡✲
♦r② ♣r♦♣♦s❡❞ ❜② ●♦❧❞❜❡r❣ ❣✐✈❡s t❤❡ ❢♦✉♥❞❛t✐♦♥ ♦❢ t❤❡ s②st❡♠✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥✳
❲❡ ✇❛♥t t♦ r❡✜♥❡ t❤❡ t❤❡♦r② ✐♥ ♦r❞❡r t♦ ❡①t❡♥❞ ✐t t♦ ❛❧❧ ❝♦♠♣✉t✐♥❣ s②st❡♠s✳ ❚❤✐s
✇✐❧❧ ❛❧❧♦✇ ✉s t♦ ❞❡s❝r✐❜❡ ❛❧❧ ❝♦♠♣✉t✐♥❣ s②st❡♠s ✇✐t❤ ❛ s♣❡❝✐✜❝ ❢♦r♠❛❧✐s♠✳ ■♥
❛❞❞✐t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ ❛ ❢♦r♠❛❧✐s♠ ❢♦r t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✳
✸✳✸ ❘❡s♦✉r❝❡ ▼❛♥❛❣❡♠❡♥t✿ ❯s❡ ❘❡s♦✉r❝❡s ✐♥ ❛ ▼♦r❡ ❋❧❡①✲
✐❜❧❡ ❲❛②
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ ❢♦r♠❛❧✐s♠ ❜❛s❡❞ ♦♥ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ t❤❡♦r② ♦❢
●♦❧❞❜❡r❣ ❢♦r t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛❧❧ ❝♦♠❜✐♥❛t✐♦♥s ♦❢ r❡s♦✉r❝❡s ❛♥❞ r❡s♦✉r❝❡ ♠❛♥✲
❛❣❡rs✱ ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ❧❛②❡rs ✭✵✮ ✭t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✮✱ ❛♥❞ ✭✶✮ ✭t❤❡ ♣❤②s✐❝❛❧
r❡s♦✉r❝❡ ♠❛♥❛❣❡r✮✳ ❚❤❡ ♣r♦♣♦s❡❞ ❢♦r♠❛❧✐s♠ ❛❧❧♦✇s ✉s t♦ ❞❡s❝r✐❜❡ ❛ ♣❧❛t❢♦r♠
❜r❡❛❦ ❞♦✇♥ ♦❢ ❞✐str✐❜✉t❡❞ r❡s♦✉r❝❡s ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥ ❛❜♦✉t t❤❡ ♣❤②s✐❝❛❧
r❡s♦✉r❝❡s✳
❈✉rr❡♥t r❡s♦✉r❝❡ ♠❛♥❛❣❡rs ♣❛rt✐t✐♦♥ t❤❡ ❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s✳ ❋♦r ✐♥st❛♥❝❡✱
❛♥ ♦♣❡r❛t✐♥❣ s②st❡♠ ♠❛❦❡s t✐♠❡✲♣❛rt✐t✐♦♥✐♥❣ ❢r♦♠ t❤❡ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇❀ ❛♥❞
❛ ❜❛t❝❤ s❝❤❡❞✉❧❡r ♠❛❦❡s s♣❛❝❡✲♣❛rt✐t✐♦♥✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s✳ ■♥
t❤❡ ❢♦❧❧♦✇✐♥❣ ❙❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ ❛ ❢♦r♠❛❧✐s♠ ❢♦r ❝❧❛ss✐❢②✐♥❣ ♣r❡❝✐s❡❧② ✇❤❛t
❦✐♥❞ ♦❢ t♦♦❧s ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ r❡s♦✉r❝❡s ✐♥ ❛ ♠♦r❡ ❞②♥❛♠✐❝
♠❛♥♥❡r✳ ❚❤✐s r❡✜♥❡♠❡♥t ❡①t❡♥❞s t❤❡ f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣✱ ❡①t❡s✐♦♥ ✇❤✐❝❤
✇❛s ✐♥tr♦❞✉❝❡❞ ✐♥ ♦✉r ♣r❡✈✐♦✉s ✇♦r❦ ❬✻✱ ✼❪✳
✸✳✸✳✶ ❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧
❲❡ t❤✐♥❦ t❤❡ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥s r❡❧❛t❡❞ t♦ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥ s❤♦✉❧❞
❜❡ r❡✜♥❡❞ ✐♥ ♦r❞❡r t♦ ✐♥tr♦❞✉❝❡ s✉❜s❡ts ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥ ❛♥❞ ❛♣♣❧②
t❤❡♠ ♥♦t ♦♥❧② t♦ ✈✐rt✉❛❧✐③❛t❡❞ s②st❡♠s ❜✉t ❛❧s♦ t♦ ❛❧❧ ❝♦♠♣✉t✐♥❣ s②st❡♠s✳
❆s t❤✐s s❡❝t✐♦♥ ❢♦❝✉s❡s ♦♥ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ st✉❞② ♦❢ t❤❡
f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ❢♦r ❛ s②st❡♠ ❜❡t✇❡❡♥ ❧❡✈❡❧s n ❛♥❞ n+1✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛♥❞
❢♦r t❤❡ r❡st ♦❢ t❤❡ ❞♦❝✉♠❡♥t✱ ❛❧❧ ♠❛t❤❡♠❛t✐❝❛❧ s❡ts ✇❡ ✉s❡ ❢♦❧❧♦✇ t❤❡ ❩❡r♠❡❧♦✲
❋r❛❡♥❦❡❧ s❡t t❤❡♦r②✱ ✇✐t❤ t❤❡ ❛①✐♦♠ ♦❢ ❝❤♦✐❝❡ ✭❩❋❈✮✳
❉❡✜♥✐t✐♦♥ ✸✳✶ ✭❆ s②st❡♠✮ ❲❡ ❞❡✜♥❡ ❛ s②st❡♠ ✏❙✑ ✇✐t❤ ❛ r❡s♦✉r❝❡ ✏❘✑ ✐♥
✇❤✐❝❤ ✇❡ ❛♣♣❧② t❤❡ ✏❢✑ ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ❜❡t✇❡❡♥ t❤❡ ❧❡✈❡❧ ✏♥✰✶✑ ❛♥❞ ✏♥✑✳
❲❡ ♥♦t❡ t❤❡ s②st❡♠✿ S = (R, f, n + 1, n)✳
❋♦r ✐♥st❛♥❝❡✱ ❛ s②st❡♠ ✏❙✑ ✇✐t❤ ❛ r❡s♦✉r❝❡ ✏❝♦♠♣✉t❡r✑ ✐♥ ✇❤✐❝❤ ✇❡ ❛♣♣❧②
t❤❡ ❢✉♥❝t✐♦♥ ✏♦♣❡r❛t✐♥❣❴s②st❡♠✑ ❜❡t✇❡❡♥ t❤❡ ❧❡✈❡❧ ✏♥✰✶✑ ❛♥❞ ✏♥✑ ✐s ✇r✐tt❡♥✿
S = (computer, operating❴system, n + 1, n)✳
❉❡✜♥✐t✐♦♥ ✸✳✷ ✭●r❛♥✉❧❛r✐t②✮ ❚❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ ❛ s②st❡♠ ✐s ❞❡✜♥❡❞ ❜② t❤❡
❢❛❝t t❤❛t ❛ s②st❡♠ ❝❛♥ ❜❡ st✉❞✐❡❞ ✐♥ ✐ts ✇❤♦❧❡ ♦r ❜❡ ❜r♦❦❡♥ ❞♦✇♥ ✐♥t♦ s✉❜s❡t✳
❋♦r ✐♥st❛♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ st✉❞② t❤❡ s②st❡♠ ✏❙✶✑✿ S1 = (computer, operating❴system, 1, 0)✱
❜✉t ✐t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ st✉❞② t❤❡ s②st❡♠ S2 = (memory, operating❴system, 1, 0)✳
❉❡✜♥✐t✐♦♥ ✸✳✸ ✭❙❡t ♦❢ ❛ttr✐❜✉t❡s✮ ❲❡ ❞❡✜♥❡ ✸ s❡t ♦❢ ❛ttr✐❜✉t❡s ❧✐♥❦❡❞ t♦ ❛
r❡s♦✉r❝❡✿
❼ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ✭attributC✮ ❛r❡ ❧✐♥❦❡❞ ✇✐t❤ t❤❡ ♥♦t✐♦♥ ♦❢ s♣❛❝❡ ❛✈❛✐❧❛❜❧❡
t♦ ❛ r❡s♦✉r❝❡✱ ❢♦r ✐♥st❛♥❝❡✱ ❛ ❝♦♠♣✉t❡r ❝❛♥ ❤❛✈❡ ❛ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡ ❢♦r t❤❡
♠❡♠♦r② ✏✷ ●❇✑✳ ❲❡ ♥♦t❡ CRn = {attributC1n , attributC2n , ..., attributCkn}
❘❘ ♥➦ ✼✸✷✺
✶✵ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
C x C
C
Mn+1 CMn
c
n+1
attributC
M
n+1
attributC
M
n
■♥ t❤✐s ❡①❛♠♣❧❡✱ cn+1(attributCM
n+1
) = attributCMn ✳
❋✐❣✉r❡ ✷✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❢♦r ❛ s②st❡♠ ❙✿ S =
(M, cn+1, n + 1, n)
t❤❡ s❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑ ❛t ❧❡✈❡❧ ✏♥✑✳ ■♥ ❛❞❞✐t✐♦♥✱
CRn ⊂ C✱ ✇✐t❤ C t❤❡ s❡t ♦❢ ❛❧❧ t❤❡ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛ r❡s♦✉r❝❡ ❝❛♥ t❛❦❡✳
❼ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ✭attributQ✮ ❛r❡ ❧✐♥❦❡❞ ✇✐t❤ t❤❡ ♥♦t✐♦♥ ♦❢ ❢✉♥❝t✐♦♥✲
❛❧✐t② ♦❢ t❤❡ r❡s♦✉r❝❡✱ ❢♦r ✐♥st❛♥❝❡✱ ❛ ❈P❯ ❝❛♥ ❤❛✈❡ ❛ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡
✏❛❞❞✑✳ ❲❡ ♥♦t❡ QRn = {attributQ1n , attributQ2n , ..., attributQkn} t❤❡
s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑ ❛t ❧❡✈❡❧ ✏♥✑✳ ■♥ ❛❞❞✐t✐♦♥✱
QRn ⊂ Q✱ ✇✐t❤ Q t❤❡ s❡t ♦❢ ❛❧❧ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ❛ r❡s♦✉r❝❡ ❝❛♥
t❛❦❡✳
❼ st❛t✉s ❛ttr✐❜✉t❡s ✭attributE✮ ❛r❡ ❧✐♥❦❡❞ ✇✐t❤ t❤❡ st❛t✉s ♦❢ t❤❡ r❡s♦✉r❝❡✱
❢♦r ✐♥st❛♥❝❡✱ ❛ ❤❛r❞ ❞✐s❦ ❝❛♥ ❤❛✈❡ ❛ st❛t✉s ❛ttr✐❜✉t❡s ✏❡①t✷✑✳ ❲❡ ♥♦t❡
ERn = {attributE1n , attributE2n , ..., attributEkn} t❤❡ s❡t ♦❢ st❛t✉s ❛t✲
tr✐❜✉t❡s ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑ ❛t ❧❡✈❡❧ ✏♥✑✳ ■♥ ❛❞❞✐t✐♦♥✱ ERn ⊂ E✱ ✇✐t❤ E t❤❡
s❡t ♦❢ ❛❧❧ t❤❡ st❛t✉s ❛ttr✐❜✉t❡s ❛ r❡s♦✉r❝❡ ❝❛♥ t❛❦❡✳
❉❡✜♥✐t✐♦♥ ✸✳✹ ✭❋✉♥❝t✐♦♥ ♦❢ ❛ttr✐❜✉t❡s✮ ❚❤❡ ✏❢✑ ❢✉♥❝t✐♦♥ ❞❡✜♥❡❞ ❜② ●♦❧❞✲
❜❡r❣ ❝❤❛r❛❝t❡r✐③❡❞ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ ❛ r❡s♦✉r❝❡ ❜❡t✇❡❡♥ ❧❡✈❡❧s ✏♥✑ ❛♥❞ ✏♥✰✶✑✳
❲❡ ✇❛♥t t♦ r❡✜♥❡❞ ✐t ✇✐t❤ ✸ ♥❡✇ ❢✉♥❝t✐♦♥s✿
❼ c✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ t❤❡ s❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✰✶✑ t♦ ❛ s❡t ♦❢
❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✑ ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑✿ cRn+1 : CRn+1 → CRn ✳
❼ q✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✰✶✑ t♦ ❛ s❡t
♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✑ ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑✿ qRn+1 : QRn+1 →
QRn ✳
❼ e✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ t❤❡ s❡t ♦❢ st❛t✉s ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✰✶✑ t♦ ❛ s❡t ♦❢
st❛t✉s ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✑ ❢♦r ❛ r❡s♦✉r❝❡ ✏❘✑✿ eRn+1 : ERn+1 → ERn ✳
❋✐❣✉r❡ ✷ ♣r❡s❡♥ts ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❧✐♥❦s ❜❡t✇❡❡♥ t✇♦ s❡t ♦❢ ❝❛♣❛❝✐t② ❛t✲
tr✐❜✉t❡s ❢♦r ❛ r❡s♦✉r❝❡ ✏▼ ✑ ❜❡t✇❡❡♥ ✏♥✰✶ ✑ ❛♥❞ ✏♥✑✳
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✶✶
◆♦t❛t✐♦♥s
❼ ❧❡t s❡t A ❡t s❡t B✱ ✇❡ ♥♦t❡ A ⊂ B ✐❢ ∀x(x ∈ A ⇒ x ∈ B)✱
❼ ❧❡t s❡t A ❡t s❡t B✱ ✇❡ ♥♦t❡ A = B ✐❢ ✭A ⊂ B) ∧ (B ⊂ A)✱
❼ ❧❡t s❡t A ❛♥❞ s❡t B✱ ✇❡ ♥♦t❡ A 6= B ✐❢ ¬(A = B)✱
❈♦♥s✐❞❡r✐♥❣ t❤❡ s②st❡♠ S = (R, f, n+ 1, n)✱ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s✱ ✇❡
♣r❡s❡♥t ♦✉r ❞❡✜♥✐t✐♦♥ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥ ❜② ✐♥tr♦❞✉❝✐♥❣ ✹ ❝♦♥❝❡♣ts✿
✐❞❡♥t✐t②✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛❣❣r❡❣❛t✐♦♥ ❛♥❞ ❛❜str❛❝t✐♦♥✳
✸✳✸✳✷ ❱✐rt✉❛❧✐③❛t✐♦♥
❆❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞ ❝♦♥❝❡♣t ♦❢ ❛ttr✐❜✉t❡s✱ ✇❡ ♣r♦♣♦s❡ t❤❡
r❡✜♥❡♠❡♥t ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ✐♥ ♦r❞❡r t♦ ♣r❡❝✐s❡ t❤❡ ♠❡❛♥✐♥❣ ♦❢
✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ t♦ ❡①t❡♥❞ ✐t ✉s❛❣❡ t♦ ❛♥② ❝♦♠♣✉t✐♥❣ s②st❡♠s✳
❉❡✜♥✐t✐♦♥ ✸✳✺ ✭❱✐rt✉❛❧✐③❛t✐♦♥✮
V irtualization ⇔ (QRn+1 = QRn) ∧ (ERn+1 = ERn)
❚❤✐s ❞❡✜♥✐t✐♦♥ ✐s ❞✐r❡❝t❧② ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥✿ t❤❡ ♥♦♥✲
♣r♦t❡❝t❡❞ ♣❛rt ♦❢ t❤❡ ❝♦❞❡ ❛t ❧❡✈❡❧ ✏♥✰✶✑ ✐s ❡①❡❝✉t❡❞ ❞✐r❡❝t❧② ❛t t❤❡ ❧❡✈❡❧ ✏♥✑✳
❉❡✜♥✐t✐♦♥ ✸✳✻ ✭❱✐rt✉❛❧✐③❛t✐♦♥✲■❞❡♥t✐t② ♦r ■❞❡♥t✐t②✮
Identity ⇔ (V irtualization) ∧ (CRn+1 = CRn)
■♥ ❝❛s❡ ♦❢ ✏✐❞❡♥t✐t②✑✱ r❡s♦✉r❝❡s ♣r♦✈✐❞❡❞ ❛t ❧❡✈❡❧ ✏♥✰✶✑ ❛r❡ t❤❡ s❛♠❡ t❤❛t
t❤♦s❡ ❛✈❛✐❧❛❜❧❡ ❛t ❧❡✈❡❧ ✏♥✑✳
❉❡✜♥✐t✐♦♥ ✸✳✼ ✭❱✐rt✉❛❧✐③❛t✐♦♥✲P❛rt✐t✐♦♥✐♥❣ ♦r P❛rt✐t✐♦♥✐♥❣✮
Partitioning ⇔ (V irtualization) ∧ (CRn+1 ⊂ CRn)
■♥ ❝❛s❡ ♦❢ ♣❛rt✐t✐♦♥✐♥❣✱ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✰✶✑ ✐s ❛ s✉❜s❡t ♦❢ t❤❡
❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛ ❧❡✈❡❧ ✏♥✑✳
❉❡✜♥✐t✐♦♥ ✸✳✽ ✭❱✐rt✉❛❧✐③❛t✐♦♥✲❆❣❣r❡❣❛t✐♦♥ ♦r ❆❣❣r❡❣❛t✐♦♥✮
aggregation ⇔ (V irtualization) ∧(CRn+1 ⊂ ⊎i≥2 CRin) ∧ (∃ (x, y) ∈ CRn+1 ,
cn+1(x) ∈ CRin ∧ cn+1(y) ∈ CRjn , i 6= j)
■♥ t❤❛t ❝❛s❡✱ t❤❡r❡ ✐s ❛t ❧❡❛st t✇♦ ❡❧❡♠❡♥ts ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s❡t ♦❢ ❝❛♣❛❝✐t②
❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ ✏♥✰✶✑ ♣r♦✈✐❞✐♥❣ ❜② t✇♦ ❞✐st✐♥❝t s❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛t
❧❡✈❡❧ ✏♥✑✳
❋✐❣✉r❡ ✸ ♣r❡s❡♥ts ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛❣❣r❡❣❛t✐♦♥✳
✸✳✸✳✸ ❊♠✉❧❛t✐♦♥
❊♠✉❧❛t✐♦♥ ❝❛♥ ❜❡ ❜r♦❦❡♥ ❞♦✇♥ ✐♥t♦ ❡♠✉❧❛t✐♦♥✲s✐♠♣❧❡ ✭♦r ❡♠✉❧❛t✐♦♥✮ ❛♥❞ ❡♠✉❧❛t✐♦♥✲
❛❜str❛❝t✐♦♥ ✭♦r ❛❜str❛❝t✐♦♥✮✳
❉❡✜♥✐t✐♦♥ ✸✳✾ ✭❊♠✉❧❛t✐♦♥✲❙✐♠♣❧❡ ♦r ❊♠✉❧❛t✐♦♥✮
Emulation ⇔ ¬(V irtualization)
❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ●♦❧❞❜❡r❣✱ ❊♠✉❧❛t✐♦♥ ✐s ♥♦t ❱✐rt✉❛❧✐③❛t✐♦♥ ✐♥
t❤❡ ❢❛❝t t❤❛t ❛ ♠✐❝r♦❝♦❞❡ ✐s ✉s❡❞ t♦ ❡①❡❝✉t❡ t❤❡ ❡♠✉❧❛t❡❞ ❝♦❞❡ ♦♥ t❤❡ ♣❤②s✐❝❛❧
❤❛r❞✇❛r❡✳
❘❘ ♥➦ ✼✸✷✺
✶✷ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
C x C x C
C
R
n+1 CR1
n
C
R2
n
e
R
n+1
e
R
n+1
❋✐❣✉r❡ ✸✿ ❆❣❣r❡❣❛t✐♦♥
❲❡ ❞❡✜♥❡ ✏❡♠✉❧❛t✐♦♥◗✑ t❤❡ ❡♠✉❧❛t✐♦♥ ❢✉♥❝t✐♦♥ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ♠✐✲
❝r♦❝♦❞❡ ❛❝t✐♦♥ ❢♦r t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✿ emulationQ : QRn → QRn ✳
❲❡ ❞❡✜♥❡ ❛❧s♦ ✏❡♠✉❧❛t✐♦♥❊✑ t❤❡ ❡♠✉❧❛t✐♦♥ ❢✉♥❝t✐♦♥ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡
♠✐❝r♦❝♦❞❡ ❛❝t✐♦♥ ❢♦r t❤❡ st❛t✉s ❛ttr✐❜✉t❡s✿ emulationE : ERn → ERn ✳
❋✐❣✉r❡ ✹ r❡♣r❡s❡♥ts ❡♠✉❧❛t✐♦♥✳
❉❡✜♥✐t✐♦♥ ✸✳✶✵ ✭❊♠✉❧❛t✐♦♥✲❆❜str❛❝t✐♦♥ ♦r ❆❜str❛❝t✐♦♥✮ ❲❡ ♥♦t❡ arity(fnct)✱
t❤❡ ❛r✐t② ♦❢ t❤❡ ❢✉♥❝t✐♦♥ fnct✳
Abstraction ⇔ (Emulation) ∧((arity(emulationQ) > 1) ∨ (arity(emulationE) > 1))
■♥ t❤❛t ❝❛s❡✱ emulationQ ✭r❡s♣❡❝t✐✈❡❧② emulationE✮ ♣r♦✈✐❞❡s ❛ ❧♦❣✐❝❛❧ s✐♠✲
♣❧✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❧❡✈❡❧ ✏♥✑ ❛t t❤❡ ❧❡✈❡❧ ✏♥✰✶✑✳
✸✳✸✳✹ ❙✉♠♠❛r②
❲❡ ♣r♦♣♦s❡ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ t❤❡♦r② ♦❢ ●♦❧❞❜❡r❣ ✐♥ ♦r❞❡r t♦ ❡①t❡♥❞ t❤❡
✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛s❡ t♦ ❛♥② ❝♦♠♣✉t✐♥❣ s②st❡♠✿
❊♠✉❧❛t✐♦♥ ❛❧❧♦✇s ♦♥❡ t♦ ♣r♦✈✐❞❡ ❛t ❧❡✈❡❧ ✏♥✰✶ ✑ s♦♠❡ ❧♦❣✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♥♦t
❛✈❛✐❧❛❜❧❡ ❛t ❧❡✈❡❧ ✏♥✑ ❜② t❤❡ ♠❡❛♥ ♦❢ ❛ ♠✐❝r♦❝♦❞❡✳ ■❢ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s
❧❡❛❞ t♦ ❛ ❧♦❣✐❝❛❧ s✐♠♣❧✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❧❡✈❡❧ ✏♥✑✱ ✇❡ ❝❛❧❧ ✐t ❛❜str❛❝t✐♦♥✳
❱✐rt✉❛❧✐③❛t✐♦♥ ❛❧❧♦✇s ♦♥❡ t♦ ♣r♦✈✐❞❡ ❛❝❝❡ss ❢r♦♠ t❤❡ ❧❡✈❡❧ ✏♥✰✶ ✑ t♦ t❤❡ ❧❡✈❡❧
✏♥✑✳ ❱✐rt✉❛❧✐③❛t✐♦♥ ❝❛♥ ❜❡ ❜r❡❛❦ ❞♦✇♥ ✐♥ ✐❞❡♥t✐t② ✭❛❧❧ t❤❡ r❡s♦✉r❝❡s ❛t t❤❡
❧❡✈❡❧ ✏♥✰✶ ✑ ❛r❡ ♣r♦✈✐❞❡❞ t♦ t❤❡ ❧❡✈❡❧ ✏♥✑✮✱ ♣❛rt✐t✐♦♥✐♥❣ ✭❛ s✉❜s❡t ♦❢ t❤❡
r❡s♦✉r❝❡s ❛t t❤❡ ❧❡✈❡❧ ✏♥✑ ❛r❡ ♣r♦✈✐❞❡❞ t♦ t❤❡ ❧❡✈❡❧ ✏♥✰✶ ✑✮ ❛♥❞ ❛❣❣r❡❣❛t✐♦♥
✭t✇♦ ♦r ♠♦r❡ r❡s♦✉r❝❡s ❛t t❤❡ ❧❡✈❡❧ ✏♥✑ ❛r❡ ♣r♦✈✐❞❡❞ t♦ t❤❡ ❧❡✈❡❧ ✏♥✰✶ ✑ ❛s
❛ ✏s✐♥❣❧❡✑ r❡ss♦✉r❝❡✮
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✶✸
Q x Q
Q
R
n+1
Q
R
n
E
R
n+1
E
R
n
E x E
q
R
n+1
e
R
n+1
❋✐❣✉r❡ ✹✿ ❊♠✉❧❛t✐♦♥
❚❤✐s ❝♦♥tr✐❜✉t✐♦♥ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛❧❧ ❦✐♥❞ ♦❢ ❝♦♠♣✉t✐♥❣ s②st❡♠ ✐♥❞❡✲
♣❡♥❞❛♥t❧② ♦❢ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳ ❲❡ ❜❛s❡❞ ♦✉r ♠❛♥❛❣❡♠❡♥t t♦♦❧ ♦♥ t❤❡s❡
❝♦♥❝❡♣ts ♦❢ ❡♠✉❧❛t✐♦♥ ❛♥❞ ✈✐rt✉❛❧✐③❛t✐♦♥✳
❋✐❣✉r❡ ✺ ♣r❡s❡♥ts ❛ s❝❤❡♠❛ ♦❢ ♦✉r r❡✜♥❡♠❡♥t✳
✸✳✹ ❊①❡❝✉t✐♦♥ ❊♥✈✐r♦♥♠❡♥t ▼❛♥❛❣❡♠❡♥t✿ ❆❞❛♣t❛t✐♦♥ ♦❢
t❤❡ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t t♦ t❤❡ ❆♣♣❧✐❝❛t✐♦♥
■♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t❡❞ ❛ r❡✜♥❡♠❡♥t ♦❢ ●♦❧❞❜❡r❣✬s t❤❡♦r② t❤❛t
❡①t❡♥❞s t❤❡ f ❢✉♥❝t✐♦♥ t♦ ❛❧❧ ❝♦♠♣✉t✐♥❣ s②st❡♠s✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❢♦❝✉s
♦♥ t❤❡ φ ❢✉♥❝t✐♦♥✱ ❛❧s♦ ✐♥tr♦❞✉❝❡❞ ❜② ●♦❧❞❜❡r❣✱ ✇✐t❤ t❤❡ ❣♦❛❧ ♦❢ ❜✉✐❧❞✐♥❣ ❛♥❞
❛❞❛♣t✐♥❣ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts ♦❢ s❝✐❡♥t✐✜❝ ❛♣♣❧✐❝❛t✐♦♥s t♦ ❛ t❛r❣❡t ♣❧❛t❢♦r♠✳
❲❡ ❜❛s❡❞ ♦✉r ✇♦r❦ ♦♥ t❤❡ ♣❛❝❦❛❣❡ s❡t ❝♦♥❝❡♣t ❬✷✻❪✳
❉❡✜♥✐t✐♦♥ ✸✳✶✶ ✭❆ P❛❝❦❛❣❡✮ ❆ ♣❛❝❦❛❣❡ ✐s ❛♥ ❛❜str❛❝t✐♦♥ ❢♦r t❤❡ ❧♦❝❛❧ ♠❛♥✲
❛❣❡♠❡♥t ♦❢ s♦❢t✇❛r❡ t❤❛t ❛✐♠s ❛t ❡❛s✐♥❣ t❤❡ ✐♥st❛❧❧❛t✐♦♥✱ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ r❡✲
♠♦✈❛❧ ♦❢ s♦❢t✇❛r❡ ✐♥ ❛ ❣✐✈❡♥ ❧♦❝❛❧ s②st❡♠✳ ■t ♠❡❛♥s t❤❛t ❛ ❝♦❧❧❡❝t✐♦♥ ♦❢ ✏♦♣✲
❡r❛t✐♦♥s✑ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ♣❛❝❦❛❣❡ s❡t ♠❡❝❤❛♥✐s♠✳ ❋r♦♠ t❤❡ ✉s❛❣❡ ♣♦✐♥t
♦❢ ✈✐❡✇✱ ♦♥❧② ❛ s✉❜s❡t ♦❢ ✏♦♣❡r❛t✐♦♥s✑ ❛r❡ ✐♠♣♦rt❛♥t✿ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠❜✐♥❡
♣❛❝❦❛❣❡ s❡ts ❛♥❞ ❣❡t t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ ♣❛❝❦❛❣❡ s❡ts✳ ❚❤❡s❡ ♦♣❡r❛t✐♦♥s ♣r♦✈✐❞❡s
❛ ✈❡r② ✢❡①✐❜❧❡ ♠❡t❤♦❞ t♦ ♠❛♥❛❣❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✳
✸✳✹✳✶ P❛❝❦❛❣❡ ❙❡ts ❉❡✜♥✐t✐♦♥
P❛❝❦❛❣❡ ❙❡t ❈♦♠❜✐♥❛t✐♦♥ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠❜✐♥❡ ♣❛❝❦❛❣❡ s❡t t♦❣❡t❤❡r✿
PackageSetA ∪ PackageSetB ✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ s②st❡♠ ❛❞♠✐♥✐str❛t♦rs✱
❘❘ ♥➦ ✼✸✷✺
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❋✐❣✉r❡ ✺✿ ❘❡✜♥❡♠❡♥t ♦❢ t❤❡ t❤❡♦r② ♦❢ ●♦❧❞❜❡r❣
❜❛s❡❞ ♦♥ ❧♦❝❛❧ ♣♦❧✐❝✐❡s✱ ✇❛♥t t♦ ✐♥❝❧✉❞❡ ❛ s♣❡❝✐✜❝ ♠♦♥✐t♦r✐♥❣ s♦❢t✇❛r❡ ✐♥ ❛❧❧
❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✱ t❤❡② ❝❛♥ s♣❡❝✐❢② ✐t ♦♥ t❤❡ PackageSetAdministrator
✇❤✐❝❤ ✇✐❧❧ ❜❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ PackageSetApplication ❢r♦♠ t❤❡ s❝✐❡♥t✐sts
❢♦r t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥s✳
P❛❝❦❛❣❡ ❙❡t ■♥t❡rs❡❝t✐♦♥ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ ♣❛❝❦❛❣❡
s❡ts✿ PackageSetA∩PackageSetB ✳ ❚❤✐s ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐❞❡♥t✐❢② ❝♦♠♠♦♥
s♦❢t✇❛r❡ ❝♦♠♣♦♥❡♥ts ❜❡t✇❡❡♥ t✇♦ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✳
P❛❝❦❛❣❡ ❙❡t ❱❛❧✐❞❛t✐♦♥ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ♣❛❝❦❛❣❡ s❡t ❝❛♥ ❜❡
❝♦rr❡❝t❧② ❝♦♠❜✐♥❡❞✳ ❚❤✐s ✐s ❜❛s❡❞ ♦♥ ❛ ✈❡rs✐♦♥✐♥❣ ❛♥❞ ❛ ❞❡♣❡♥❞❡♥❝② ♠❡❝❤✲
❛♥✐s♠✳
❱❡rs✐♦♥✐♥❣ ■t ✐s ♣♦ss✐❜❧❡ t♦ s♣❡❝✐❢② t❤❡ ✈❡rs✐♦♥ ♦❢ ❛ s♣❡❝✐✜❝ ♣❛❝❦❛❣❡ ✐♥ ❛ ♣❛❝❦❛❣❡
s❡t✳ ❙♦♠❡ st❛♥❞❛r❞ ♦♣❡r❛t♦rs ♥❡❡❞ t♦ ❜❡ ♣r♦✈✐❞❡❞ t♦ ❞❡❛❧ ✇✐t❤ ✈❡rs✐♦♥✐♥❣✿
❡q✉❛❧✱ s✉♣❡r✐♦r t♦✱ ✐♥❢❡r✐♦r t♦✱ s✉♣❡r✐♦r ♦r ❡q✉❛❧ t♦✱ ❛♥❞ ✐♥❢❡r✐♦r ♦r ❡q✉❛❧
t♦✳
✸✳✹✳✷ P❛❝❦❛❣❡ ❙❡ts ❯s❛❣❡
P❛❝❦❛❣❡ s❡ts ❞❡✜♥❡ ❛♥ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ✐♥ ♦r❞❡r t♦ ❝r❡❛t❡ ❛ ✏❣♦❧❞❡♥ ✐♠❛❣❡✑
✇❤✐❝❤ ✐s ❛❣♥♦st✐❝ ♦❢ t❤❡ t❛r❣❡t ♣❧❛t❢♦r♠ ❡①❡❝✉t✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥✳ ❆❢t❡r t❤❡
❝r❡❛t✐♦♥ ♦❢ t❤❡ ✏❣♦❧❞❡♥ ✐♠❛❣❡✑✱ ✐t ❝❛♥ ❜❡ ❞❡♣❧♦②❡❞ ♦♥ t❤❡ t❛r❣❡t ♣❧❛t❢♦r♠✳
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✶✺
✹ Pr♦♣♦s❡❞ ▼❡t❤♦❞
■♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ✇❡ ❞❡s❝r✐❜❡❞ ❛ ❢♦r♠❛❧✐s♠ t❤❛t ♠❛❦❡s ❜♦t❤ r❡s♦✉r❝❡ ❛♥❞
s♦❢t✇❛r❡ ♠❛♥❛❣❡♠❡♥t ♠♦r❡ ✢❡①✐❜❧❡✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❞❡s❝r✐❜❡ ♠♦r❡ ♣r❡❝✐s❡❧②
t❤❡ ♠❡t❤♦❞s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤ ❜② ♣r❡s❡♥t✐♥❣ t❤❡ ❛r❝❤✐t❡❝t✉r❡
♦❢ ♦✉r ♠❛♥❛❣❡♠❡♥t s②st❡♠ ❢♦r ❍P❈ ♣❧❛t❢♦r♠s✳ ❚❤❡ s②st❡♠ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✜✈❡
♠❛❥♦r ♣❛rts ✭s❡❡ ❋✐❣✉r❡ ✻✮✿
❆✳ t❤❡ ❉❡s❝r✐♣t✐♦♥ ▼♦❞✉❧❡✿ t❤❡ s❝✐❡♥t✐st ❛♥❞ t❤❡ ❛❞♠✐♥✐str❛t♦r r❡q✉✐r❡♠❡♥ts ✐♥
t❡r♠s ♦❢ s♦❢t✇❛r❡ ❛♥❞ r❡s♦✉r❝❡s✱
❇✳ t❤❡ ❈♦♥❝✐❧✐❛t✐♦♥ ▼♦❞✉❧❡✿ t❤❡ s♦❢t✇❛r❡ ❛♥❞ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts ❝♦♥❝✐❧✐❛t♦r✱
❈✳ t❤❡ ❚♦♦❧❜♦① ▼♦❞✉❧❡✿ r❡♣♦s✐t♦r✐❡s ❛♥❞ ❧✐st ♦❢ t♦♦❧s ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ✢❡①✐✲
❜✐❧✐t② ❢♦r ❜♦t❤ t❤❡ s♦❢t✇❛r❡ ❛♥❞ t❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱
❉✳ t❤❡ ❉✐s❝♦✈❡r②✱ ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥ ▼♦❞✉❧❡✱
❊✳ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡✳
✹✳✶ ❉❡s❝r✐♣t✐♦♥ ▼♦❞✉❧❡✿ t❤❡ ❈♦♥❝❡♣t ♦❢ ❱P ❛♥❞ ❱❙❊
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ ♥❡✇ ❝♦♥❝❡♣t ♦❢ ❱✐rt✉❛❧ P❧❛t❢♦r♠ ✭❱P✮✱ ❛♥❞ t❤❡
❝♦♥❝❡♣t ♦❢ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t ✭❱❙❊✮✱ ❜❛s❡❞ ♦♥ ♦✉r ♣r❡✈✐♦✉s ✇♦r❦s ❬✷✻❪✳
❱P ❛♥❞ ❱❙❊ ❤❛✈❡ t❤❡ ❜❡♥❡✜t ♦❢ ❛❧❧♦✇✐♥❣ ❜♦t❤ t❤❡ s❝✐❡♥t✐sts ❛♥❞ t❤❡ s②st❡♠
❛❞♠✐♥✐str❛t♦rs t♦ ❡①♣r❡ss t❤❡✐r ♥❡❡❞s ❛♥❞ ❝♦♥str❛✐♥ts ✐♥ t❡r♠ ♦❢ r❡s♦✉r❝❡ ❝♦♥✲
str❛✐♥ts ❛♥❞ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❝♦♥str❛✐♥ts ✇✐t❤t♦✉t ♠❛❦✐♥❣ ❛♥② ❛ss✉♠♣t✐♦♥
r❡❣❛r❞✐♥❣ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✿ ❢♦r ✐♥st❛♥❝❡✱ t❤❡ s❝✐❡♥t✐st ❝❛♥ r❡q✉✐r❡ ❛ s❡t ♦❢
r❡s♦✉r❝❡s ✇✐t❤ t❤❡ ❧♦✇❡st ♥❡t✇♦r❦ ❧❛t❡♥❝②✱ ✇❤❡r❡❛s t❤❡ s②st❡♠ ❛❞♠✐♥✐str❛t♦rs
❝❛♥ r❡q✉✐r❡ ❛❧❧ ❞❡♣❧♦②❡❞ ❡♥✈✐r♦♥♠❡♥ts s❤♦✉❧❞ ✐♥❝❧✉❞❡ ♠♦♥✐t♦r✐♥❣ ❝❛♣❛❜✐❧✐t✐❡s
❛♥❞ s②st❡♠✲❧❡✈❡❧ ♣r♦t❡❝t✐♦♥✳
❚♦ ✐♥❝r❡❛s❡ t❤❡ ✢❡①✐❜✐❧✐t② ❢♦r ❜♦t❤ t❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ❛♥❞ t❤❡ ❡①❡✲
❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ♠❛♥❛❣❡♠❡♥t✱ ✇❡ ❞❡❝✐❞❡ t♦ s❡♣❛r❛t❡ t❤❡ r❡s♦✉r❝❡ ❢r♦♠ t❤❡
❡♥✈✐r♦♥♠❡♥t r❡q✉✐r❡♠❡♥ts✿ ♥♦ ❛ss✉♠♣t✐♦♥ ♥❡❡❞s t♦ ❜❡ ♠❛❞❡ r❡❣❛r❞✐♥❣ t❤❡ ♣❤②s✲
✐❝❛❧ r❡s♦✉r❝❡s ✇❤❡♥ t❤❡ s❝✐❡♥t✐st ❞❡s❝r✐❜❡s ✐ts r❡q✉✐r❡♠❡♥ts ❢♦r ❜♦t❤ r❡s♦✉r❝❡s
❛♥❞ t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✳
✹✳✶✳✶ ❱✐rt✉❛❧ P❧❛t❢♦r♠s
❖✉r ✇♦r❦ t❛r❣❡ts t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ s❡✈❡r❛❧ ♣❧❛t❢♦r♠s ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❧♦❝❛❧
♦r ❣❡♦❣r❛♣❤✐❝❛❧❧② ❞✐str✐❜✉t❡❞✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ♦❢ t❤❡
r❡s♦✉r❝❡s ❧❡❛❞ t♦ t❤❡ ❝♦♠♣❧❡①✐t② ✐♥ ♦r❞❡r t♦ ♠❛♥❛❣❡ ❛♥❞ ✉s❡ t❤❡s❡ r❡s♦✉r❝❡s✳
❍♦✇❡✈❡r✱ t❤✐s ❝♦♠♣❧❡①✐t② s❤♦✉❧❞ ❜❡ ❤✐❞❞❡♥ t♦ t❤❡ s❝✐❡♥t✐st ✇❤♦✱ ✐♥ ♠♦st ❝❛s❡s✱
❞♦❡s ♥♦t ❝❛r❡ ❛❜♦✉t t❤❡ ❧♦❝❛t✐♦♥ ❛♥❞ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡s❡ r❡s♦✉r❝❡s✳ ❚❤❡r❡✲
❢♦r❡✱ ✇❡ ♥❡❡❞ ❛♥ ❛❜str❛❝t✐♦♥✱ t❤✐s ✐s t❤❡ ❝♦♥❝❡♣t ♦❢ ❱P✳
❚❤❡ ❱P ✐s ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ r❡q✉✐r❡❞ r❡s♦✉r❝❡s ❢♦r ❛ ❣✐✈❡♥ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡
❱P ❞❡s❝r✐♣t✐♦♥ ✐s ♠❛❞❡ ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥ r❡❣❛r❞✐♥❣ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s
❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ t❛r❣❡t ♣❧❛t❢♦r♠✳ ❖✉r ❞❡♣❧♦②♠❡♥t t♦♦❧ s❤♦✉❧❞ ✐♥st❛♥t✐❛t❡ t❤❡
❱P ❛♥❞ ❝♦♠❜✐♥❡ ❛❧❧ t❤❡ ♥❡❝❡ss❛r② t♦♦❧s✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❙❡❝t✐♦♥ ✸ ✭t♦♦❧s ❢♦r
❡♠✉❧❛t✐♦♥✱ ✈✐rt✉❛❧✐③❛t✐♦♥✱ ♣❛rt✐♦♥✐♥❣✱ ✳✳✳✮ ✐♥ ♦r❞❡r t♦ ❜✉✐❧❞ t❤❡ ✏❝✉st♦♠✑ ✈✐rt✉❛❧
♣❧❛t❢♦r♠✳
❘❘ ♥➦ ✼✸✷✺
✶✻ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
VSE
description
(admin)
VP
description
(scientist)
Service
Allocation
Software
Management
Package Set
Service
Discovery
Scientist Admin
VSE
description
(scientist)
VP
description
(admin)
VSE
conciliator
VP
conciliator
Distributed
Compute
Resources
user
admin
soft.
user
admin
resour.
Plan
Package
Repository1
Package
Repository2
Resource
Management
Toolbox
External
events
A. Description
Module
B. Conciliation
Module
user
admin
soft.
user
admin
resour.
E. Execution
Module
C. Toolbox
Module
D. Discovery
Allocation
Configuration
Module
Resource Tools
Repository1
Service
Configuration
UDDI
❋✐❣✉r❡ ✻✿ ❆r❝❤✐t❡❝t✉r❡ ❖✈❡r✈✐❡✇
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✶✼
❚❤✐s ❛♣♣r♦❛❝❤ ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❡♥❛❜❧✐♥❣ ♥❡❣♦t✐❛t✐♦♥ ❢♦r t❤❡ ❝♦♥✜❣✉r❛✲
t✐♦♥ ♦❢ t❤❡ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ ❛ ❱P✳ ❋♦r ✐♥st❛♥❝❡✱ ✐♥ ❝❛s❡ ♦❢ ❝♦♥✢✐❝ts ❜❡t✇❡❡♥ t❤❡
r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ s②st❡♠ ❛❞♠✐♥✐str❛✲
t♦rs✱ ♥❡❣♦t✐❛t✐♦♥s ❛t t❤❡ ❱P ❧❡✈❡❧ ❛r❡ ♠❛❞❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐♥ ♦r❞❡r t♦ ❣❡t t❤❡
❜❡st r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥✱ ♥❡❣♦t✐❛t✐♦♥s ❜❡t✇❡❡♥ s✐t❡s ❛r❡ ❛❧s♦ ♠❛❞❡✳
✹✳✶✳✷ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥ts
❆ ❱✐rt✉❛❧ ❙②st❡♠ ❊♥✈✐r♦♥♠❡♥t ✭❱❙❊✮ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛♥ ❛♣♣❧✐❝❛t✐♦♥✬s
s♦❢t✇❛r❡ ♥❡❡❞s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡♣❧♦②❡❞ ✐♥ ❛♥② ❦✐♥❞ s✐♥❣❧❡ s✐t❡ ✴ s✐♥❣❧❡ ❛❞♠✐♥✐s✲
tr❛t✐✈❡ ❞♦♠❛✐♥✳
❚❤❡ s♦❢t✇❛r❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❛ ❣✐✈❡♥ ❛♣♣❧✐❝❛t✐♦♥ ❛r❡ t②♣✐❝❛❧❧② ❝♦♥str❛✐♥ts ♦♥
t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ✭❖❙✮ ❛♥❞ r✉♥✲t✐♠❡ ❡♥✈✐r♦♥♠❡♥t ✭❘❚❊✮✳ ❋♦r ✐♥st❛♥❝❡✱ ❛♥
▼P■ ❛♣♣❧✐❝❛t✐♦♥ ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ t♦ r✉♥ ♦♥ t♦♣ ♦❢ ❘❡❞ ❍❛t ❊♥t❡r♣r✐s❡ ▲✐♥✉① ✹✳✵
✇✐t❤ ▲❆▼✴▼P■ ✼✳✶✳✸✳ ■❢ t❤♦s❡ ❝♦♥str❛✐♥ts ❝❤❛♥❣❡ ✭❡✳❣✳✱ ✉♣❞❛t❡ ♦❢ t❤❡ t❛r❣❡t
♣❧❛t❢♦r♠ s♦❢t✇❛r❡ ❝♦♥✜❣✉r❛t✐♦♥✮✱ ♠♦st ❧✐❦❡❧② t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✇✐❧❧ ❤❛✈❡ t♦ ❜❡
♠♦❞✐✜❡❞✱ ♣♦rt❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❞❡❝♦✉♣❧❡ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢
t❤❡ ❛♣♣❧✐❝❛t✐♦♥✬s ♥❡❡❞s ✐♥ t❡r♠s ♦❢ ❘❚❊ ✭s❝✐❡♥t✐st ❛♣♣❧✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✮
❛♥❞ ✇❤❛t ❝♦♠♣♦♥❡♥ts s②st❡♠ ❛❞♠✐♥✐str❛t♦rs ✇❛♥t t♦ ❤❛✈❡ ✐♥ ❡❛❝❤ ❡♥✈✐r♦♥♠❡♥t
✉s❡❞ ❜② ❛♣♣❧✐❝❛t✐♦♥s ✭s②st❡♠ ❛❞♠✐♥✐str❛t♦r r❡q✉✐r❡♠❡♥ts✮✳
❚❤❡ s❝✐❡♥❝❡ r❡s✐❞❡s ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ♥♦t ✐♥ t❤❡ t❡❝❤♥✐❝❛❧ ❞❡t❛✐❧s ❛❜♦✉t
t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤♦s❡ ❛♣♣❧✐❝❛t✐♦♥s ♦♥ ❍P❈ s②st❡♠s✳ ■♥
♦t❤❡r ✇♦r❞s✱ ❛♣♣❧✐❝❛t✐♦♥ ❞❡✈❡❧♦♣❡rs s❤♦✉❧❞ ♥♦t ❤❛✈❡ t♦ ❞❡❛❧ ✇✐t❤ ❛♣♣❧✐❝❛t✐♦♥
♠♦❞✐✜❝❛t✐♦♥s ❞✉❡ t♦ ✭✉♥❞❡s✐r❡❞✮ ❣❡♥❡r❛❧ s♦❢t✇❛r❡ ✉♣❞❛t❡s✱ ✇❤✐❝❤ ❞♦ ♥♦t ✜t
t❤❡✐r s❝✐❡♥t✐✜❝ r♦❛❞♠❛♣✳
❚❤❡ ❱❙❊ ✐s t❤❡r❡❢♦r❡ ❛ ♠❡t❛✲❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ r✉♥t✐♠❡ ❡♥✈✐r♦♥♠❡♥t r❡q✉✐r❡❞
❜② ❛ ❣✐✈❡♥ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ❱❙❊ s❤♦✉❧❞ ❜❡ ✐♥st❛♥t✐❛t❡❞ ♦♥ t❤❡ t❛r❣❡t ♣❧❛t❢♦r♠
✐♥ ❛ tr❛♥s♣❛r❡♥t ✇❛② ❢r♦♠ t❤❡ s❝✐❡♥t✐st ♣♦✐♥t ♦❢ ✈✐❡✇ ✭s❡❡ ❋✐❣✉r❡ ✼✮✳
❇❛s❡❞ ♦♥ t❤❡ ♣❛❝❦❛❣❡ s❡t ♠❛♥❛❣❡♠❡♥t ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✱ ❛ s❝✐❡♥t✐st ❝❛♥
❞❡s❝r✐❜❡ ❛ ❱❙❊ ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥ r❡❣❛r❞✐♥❣ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
✹✳✷ ❈♦♥❝✐❧✐❛t✐♦♥ ▼♦❞✉❧❡✿ ▼❡r❣✐♥❣ t❤❡ ❙❝✐❡♥t✐st ❛♥❞ ❆❞✲
♠✐♥✐str❛t♦r ❘❡q✉✐r❡♠❡♥ts
❚❤❡ ❝❤❛❧❧❡♥❣❡ ✐s t♦ ✏♠❡r❣❡✑ s❝✐❡♥t✐sts ❛♥❞ s②st❡♠ ❛❞♠✐♥✐str❛t♦rs ♥❡❡❞s✿ ✭✐✮ ❢r♦♠
t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡ s②st❡♠ s❤♦✉❧❞ ❜❡ ❛❜❧❡ t♦ ❜✉✐❧❞
❛ s✐♥❣❧❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❝♦♥t❛✐♥✐♥❣ ❜♦t❤ r❡q✉✐r❡♠❡♥ts
❢r♦♠ t❤❡ s❝✐❡♥t✐st ❛♥❞ t❤❡ ❛❞♠✐♥✐str❛t♦r✱ ❛♥❞ ✭✐✐✮ ❢r♦♠ t❤❡ r❡s♦✉r❝❡ ♣♦✐♥t ♦❢ ✈✐❡✇✱
t❤❡ s②st❡♠ s❤♦✉❧❞ ❜❡ ❛❜❧❡ t♦ ❝♦♥✜❣✉r❡ t❤❡ ♣❧❛t❢♦r♠ ❛✉t♦♠❛t✐❝❛❧❧② ❛❝❝♦r❞✐♥❣ t♦
t❤❡ s❝✐❡♥t✐st ❛♥❞ t❤❡ ❛❞♠✐♥✐str❛t♦r r❡q✉✐r❡♠❡♥ts ✐♥ ♦r❞❡r t♦ ❞❡♣❧♦② t❤❡ ❡①❡❝✉t✐♦♥
❡♥✈✐r♦♥♠❡♥t✳
❙②st❡♠ ❆❞♠✐♥✐str❛t♦r ❘❡q✉✐r❡♠❡♥ts ❚❤❡ s②st❡♠ ❛❞♠✐♥✐str❛t♦r ❞❡✜♥❡s
r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❱❙❊ ❛♥❞ t❤❡ ❱P ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦❝❛❧ ♣♦❧✐❝✐❡s r❡❣❛r❞✐♥❣
t❤❡ ✉s❛❣❡ ♦❢ ❍P❈ s②st❡♠s✳ ❚❤❡s❡ r❡q✉✐r❡♠❡♥ts ❝❛♥ ❜❡ ♠❛❞❡ ❢♦r ❛ s♣❡❝✐✜❝
s❝✐❡♥t✐st ♦r ❢♦r ❛ ❣r♦✉♣ ♦❢ s❝✐❡♥t✐sts✳ ❆s ❛ r❡s✉❧t✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ ✈❡r②
♣r❡❝✐s❡ ♣♦❧✐❝✐❡s ❢♦r t❤❡ ❱❙❊s ❛♥❞ t❤❡ ❱Ps✳
❋♦r ✐♥st❛♥❝❡✱ ❝♦♥❝❡r♥✐♥❣ t❤❡ ❱❙❊ r❡q✉✐r❡♠❡♥ts t❤❡ ♣♦❧✐❝② ❝❛♥ ❜❡ t❤❡ ✐♥st❛❧✲
❧❛t✐♦♥ ♦❢ ❛ s♣❡❝✐✜❝ ♠♦♥✐t♦r✐♥❣ t♦♦❧ ♦♥ ❛❧❧ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts✳ ❈♦♥❝❡r♥✐♥❣
❘❘ ♥➦ ✼✸✷✺
✶✽ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
RTE
OS
VSE
Others things
A implies a constraint on B
A could implied a constraint on B
A
A
B
B
Scientist
Application
Constraints
Administrator
Constraints
Administrator Scientist
❋✐❣✉r❡ ✼✿ ❱❙❊✳
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✶✾
t❤❡ ❱P r❡q✉✐r❡♠❡♥t✱ ❢♦r ✐♥st❛♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♠♣❧✐❝✐t❡❧② ❛❣❣r❡❣❛t❡ s♦♠❡
r❡s♦✉r❝❡s ❢♦r ❛ ❣✐✈❡♥ ❣r♦✉♣ ♦❢ s❝✐❡♥t✐sts✳
❙❝✐❡♥t✐st ❘❡q✉✐r❡♠❡♥ts ▲✐❦❡ ❛❞♠✐♥✐str❛t♦rs✱ s❝✐❡♥t✐sts ❝❛♥ ❞❡✜♥❡ ❱Ps ❛♥❞
❱❙❊s ✇✐t❤♦✉t ❛♥② ❛ss✉♠♣t✐♦♥s r❡❣❛r❞✐♥❣ t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
▼❡r❣✐♥❣ ♦❢ t❤❡ ❘❡q✉✐r❡♠❡♥ts ❋r♦♠ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❱P ❛♥❞ ❱❙❊
r❡❝❡✐✈❡❞ ❢r♦♠ t❤❡ s❝✐❡♥t✐st ❛♥❞ t❤❡ ❛❞♠✐♥✐str❛t♦r✱ ♦✉r ♠❛♥❛❣❡♠❡♥t t♦♦❧ ✐s ❛❜❧❡
t♦ ✏♠❡r❣❡✑ t❤❡♠ ❛♥❞ ❝❤❡❝❦ t❤❡✐r ✈❛❧✐❞✐t②✳ ❚❤✐s ❝❛♥ ❜❡ ❞♦♥❡ t❤❛♥❦s t♦ t❤❡
❢♦r♠❛❧✐s♠ ✐♥tr♦❞✉❝❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❙❡❝t✐♦♥ ✸✳
✹✳✸ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡✿ ■♥st❛♥t✐❛t✐♦♥ ♦❢ ❱Ps ❛♥❞ ❱❙❊s
❚❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ✐s ✐♥ ❝❤❛r❣❡ ♦❢ ❝r❡❛t✐♥❣ t❤❡ ❝♦♥str✉❝t✐♦♥ ♣❧❛♥ ✐♥ ♦r❞❡r t♦
♣r♦✈✐❞❡ t❤❡ r❡q✉❡st❡❞ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ t❤❡ ❱P✴❱❙❊✳ ❚❤r❡❡ st❡♣s ❝❛♥ ❜❡ ❡♥❧✐❣❤t✲
❡♥❡❞✿ ✭✶✮ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❝❤❡❝❦s ✐❢ t❤❡ ❱❙❊ ✐s ❛❧r❡❛❞② ❛✈❛✐❧❛❜❧❡ ♦♥ s♦♠❡
r❡s♦✉r❝❡s✱ ✭✷✮ ✐❢ ✐t ✐s ♥♦t t❤❡ ❝❛s❡✱ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ tr✐❡s t♦ ✐♥st❛♥t✐❛t❡
t❤❡ ❱P✴❱❙❊ ✇✐t❤ t❤❡ t♦♦❧s ❞❡❞✐❝❛t❡❞ t♦ s♦❢t✇❛r❡ ❛♥❞ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱
❛♥❞ ✭✸✮ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❛❧❧♦❝❛t❡s✱ ❞❡♣❧♦②s ❛♥❞ ❝♦♥✜❣✉r❡s t❤❡ r❡s♦✉r❝❡s
✐♥ ♦r❞❡r t♦ s❡t ✉♣ ✐♥st❛♥t✐❛t✐♦♥s ♦❢ t❤❡ ❱P✴❱❙❊✳
❋✐❣✉r❡ ✽ ♣r❡s❡♥ts ❛♥ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ ❱P ❛♥❞ ❱❙❊ ♦♥ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳
✹✳✸✳✶ ❊♥✈✐r♦♥♠❡♥t ❆✈❛✐❧❛❜✐❧✐t②
❚❤❡ ❡①❡❝✉t✐♦♥ ♠♦❞✉❧❡ ✐s ✐♥ ❝❤❛r❣❡ ♦❢ ✐♥st❛♥t✐❛t❡ t❤❡ ❱P ❛♥❞ t❤❡ ❱❙❊ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❝♦♥❝✐❧✐❛t♦r ♠♦❞✉❧❡✳
❋✐rst ♦❢ ❛❧❧✱ t❤❡ ♠❛♥❛❣❡r tr✐❡s t♦ ✜♥❞ t❤❡ r❡q✉✐r❡❞ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ ❱P✴❱❙❊
✇✐t❤ t❤❡ ❉✐s❝♦✈❡r② ▼♦❞✉❧❡✳
❼ ■❢ t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ✐s ❛❧r❡❛❞② ❛✈❛✐❧❛❜❧❡ ♦♥ s♦♠❡ r❡s♦✉r❝❡s✱ t❤❡
❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❝❤❡❝❦s ✐❢ t❤❡r❡ ✐s ♥♦ ❝♦♥✢✐❝t ❜❡t✇❡❡♥ t❤❡ ♦❜t❛✐♥❡❞ ❡①❡✲
❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✴r❡s♦✉r❝❡s ❛♥❞ t❤❡ ✉s❡rs✴❛❞♠✐♥✐str❛t♦rs r❡q✉✐r❡♠❡♥ts✳
✕ ■❢ t❤❡r❡ ✐s ♥♦ ❝♦♥✢✐❝t✱ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ tr✐❡s t♦ ❛❧❧♦❝❛t❡ ❛♥❞
❝♦♥✜❣✉r❡ t❤❡s❡ r❡s♦✉r❝❡s✳
❼ ■♥ ❝❛s❡ ♦❢ ❝♦♥✢✐❝t✱ ♦r ✐❢ ♥♦ ❣♦♦❞ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ ❱P✴❱❙❊ ✐s ❛✈❛✐❧❛❜❧❡✱ t❤❡
♠❛♥❛❣❡r tr✐❡s t♦ ✐♥st❛♥t✐❛t❡ t❤❡♠ ✐♥ ♦r❞❡r t♦ ❛♥s✇❡r t❤❡ r❡q✉❡st✳
✹✳✸✳✷ ❈♦♥❝❡♣t ♦❢ P❧❛♥✿ ❍♦✇ t♦ ■♥st❛♥t✐❛t❡ ❱Ps ❛♥❞ ❱❙❊s
❚❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ♣❧❛♥s t❤❡ ❛❝t✐♦♥ r❡q✉✐r❡❞ t♦ ❝♦♥✜❣✉r❡ t❤❡ r❡q✉✐r❡❞ s♦❢t✲
✇❛r❡ ♦♥ t❤❡ r❡s♦✉r❝❡s✳ ❋♦r t❤❛t✱ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❛s❦s t♦ t❤❡ ❚♦♦❧❜♦①
▼♦❞✉❧❡ ❜♦t❤ t❤❡ ❧✐st ♦❢ s♦❢t✇❛r❡ ❛♥❞ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts❡✳ ❇♦t❤ ❧✐sts ❛r❡
❝❤❡❝❦ ❢♦r ❝♦♥✢✐❝ts ✇✐t❤ t❤❡ ✉s❡rs ❛♥❞ t❤❡ ❛❞♠✐♥✐str❛t♦rs✬ r❡q✉✐r❡♠❡♥ts✳
■❢ ❡✈❡r②t❤✐♥❣ ✐s r✐❣❤t✱ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❛s❦s t♦ t❤❡ ❉✐s❝♦✈❡r② ▼♦❞✉❧❡
❢♦r ✜♥❞✐♥❣ s♦♠❡ r❡s♦✉r❝❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♥❡❡❞s✳
❲❤❡♥ r❡❝❡✐✈✐♥❣ t❤✐s ❧✐st✱ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ✐s ❛❜❧❡✱ t❤❛♥❦s t♦✱ t❤❡ ❧✐st ♦❢
s♦❢t✇❛r❡ ♥❡❡❞❡❞✱ t❤❡ ❧✐st ♦❢ r❡s♦✉r❝❡s ❛✈❛✐❧❛❜❧❡✱ t❤❡ ❧✐st ♦❢ t♦♦❧s ♥❡❡❞❡❞✱ t♦ ❜✉✐❧❞
❛ ♣❧❛♥✳ ❋♦r ✐♥st❛♥❝❡✿
✶✳ ❆❧❧♦❝❛t❡ r❡s♦✉r❝❡s✱
❘❘ ♥➦ ✼✸✷✺
✷✵ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
A0 A1 B33 B34
Site A Site B
A0 B34
Final application
1
2
❆✵ ❛♥❞ ❆✶ ❛r❡ r❡s♦✉r❝❡s ♦❢ t❤❡ s✐t❡ ❆ ✇✐t❤ ❛r❝❤✐t❡❝t✉r❡ ❆✳ ❇✸✸ ❛♥❞ ❇✸✹ ❛r❡
r❡s♦✉r❝❡s ♦❢ t❤❡ s✐t❡ ❇ ✇✐t❤ ❛r❝❤✐t❡❝t✉r❡ ❇✳ ❋r♦♠ t❤❡ s❝✐❡♥t✐st ♣♦✐♥t ♦❢ ✈✐❡✇ ✭❧❛②❡r ✶✮✱
❆✵ ❛♥❞ ❇✸✹ ❛r❡ r❡s♦✉r❝❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ s❛♠❡ s✐t❡✿ t❤❡ ❱✐rt✉❛❧ P❧❛t❢♦r♠✱ ❤✐❞✐♥❣
t❤❡ ❞✐str✐❜✉t❡❞ ❝♦♠♣❧❡①✐t②✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❱❙❊s ❛r❡ ❜✉✐❧❞ ✐♥ ♦r❞❡r t♦ ❢❡❡t t❤❡
❛r❝❤✐t❡❝t✉r❡ ❆ ❢♦r t❤❡ s✐t❡ ❆ ❛♥❞ ❇ ❢♦r t❤❡ s✐t❡ ❇ ✇✐t❤ ❛❧❧ r❡q✉✐r❡❞ ♣❛❝❦❛❣❡s✱ ❤✐❞✐♥❣
t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ❝♦♠♣❧❡①✐t② ✭❧❛②❡r ✷✮✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❝❛♥ ❜❡ r✉♥ ✐♥ ❛
t♦t❛❧❧② tr❛♥s♣❛r❡♥t ✇❛②✳
❋✐❣✉r❡ ✽✿ ❱P✴❱❙❊ ✐♥st❛♥t✐❛t✐♦♥
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✷✶
✷✳ ■♥st❛♥t✐❛t❡ t❤❡ ❱P✿
✭❛✮ ❯s❡ ✏t♦♦❧✶ ✑ ❢♦r t❤❡ ❞❡♣❧♦②♠❡♥t ♦❢ ✏♦♣❡r❛t✐♥❣ s②st❡♠✑✱
✭❜✮ ❯s❡ ✏t♦♦❧✷ ✑ ❢♦r t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ ✏✈✐rt✉❛❧✐③❛t✐♦♥ s②st❡♠✑✱
✭❝✮ ❯s❡ ✏t♦♦❧✸ ✑ t♦ s❡t✉♣ ❛ ❱P◆✱ ✳✳✳
✸✳ ■♥st❛♥t✐❛t❡ t❤❡ ❱❙❊✿
✭❛✮ ❯s❡ ✏t♦♦❧✹ ✑ ❢♦r t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ ✏ ❧✐❜r❛r✐❡s✑✱
✭❜✮ ❯s❡ ✏t♦♦❧✸ ✑ ❢♦r t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ ✳✳✳
✹✳✹ ❉✐s❝♦✈❡r②✱ ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❘❡✲
s♦✉r❝❡s
❚❤❡ ♣❧❛♥ ✐s ❣✐✈❡♥ t♦ t❤❡ ❉✐s❝♦✈❡r② ✱ ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥ ▼♦❞✉❧❡ ✐♥
❝❤❛r❣❡ ♦❢ ❡①❡❝✉t✐♥❣ t❤❡ ♣❧❛♥✱ ✐✳❡✳✱ ✐♥st❛♥t✐❛t❡ t❤❡ ❱P ❛♥❞ t❤❡ ❱❙❊✳ ■♥ ❝❛s❡ ♦❢
❡rr♦r ✭❡✳❣✳✱ r❡s♦✉r❝❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❛t t❤❡ t✐♠❡ ♦❢ t❤❡ ❛❧❧♦❝❛t✐♦♥✮ t❤❡ ❊①❡❝✉t✐♦♥
▼♦❞✉❧❡ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ♠♦❞✐❢②✐♥❣ t❤❡ ♣❧❛♥ ❛♥❞ ❢♦r ♠❛❦✐♥❣ ❛ ♥❡✇ s✉❜♠✐ss✐♦♥✳
✹✳✺ ❚♦♦❧❜♦① ▼♦❞✉❧❡
❚❤❡ ❚♦♦❧❜♦① ▼♦❞✉❧❡ ♠❛♥❛❣❡s t❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ t♦♦❧s ❢♦r t❤❡ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ ❱Ps
❛♥❞ ❱❙❊s✳
❚❤❡r❡ ❛r❡ t✇♦ t②♣❡s ♦❢ t♦♦❧s✿ ✭✶✮ t❤❡ t♦♦❧s t❤❛t ♠❛♥❛❣❡s t❤❡ s♦❢t✇❛r❡ r❡♣♦s✲
✐t♦r✐❡s ✭❱❙❊ ❝♦♥✜❣✉r❛t✐♦♥✮✱ ❛♥❞ ✭✷✮ t❤❡ t♦♦❧s t❤❛t ♠❛♥❛❣❡s ❛♥❞ ❝♦♥✜❣✉r❡s t❤❡
❝♦♠♣✉t❡ r❡s♦✉r❝❡s ✭❱P ❝♦♥✜❣✉r❛t✐♦♥✮✳
✹✳✺✳✶ ❚♦♦❧s t♦ ■♥st❛♥t✐❛t❡ ❛ ❱❙❊
■♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ❛♥ ❡✣❝✐❡♥t s②st❡♠ ❢♦r s♦❢t✇❛r❡ ♠❛♥❛❣❡♠❡♥t✱ ✇❡ ❞❡s✐❣♥❡❞
♦✉r s♦❧✉t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❡①✐st✐♥❣ ❝♦♥❝❡♣t ♦❢ r❡♣♦s✐t♦r②✳ ❆♣♣❧✐❝❛t✐♦♥s s♦❢t✇❛r❡
✐s ❛❝❝❡ss✐❜❧❡ ❢r♦♠ ❛ ✇❡❧❧✲❞❡✜♥❡❞ s♦✉r❝❡✱ ❝❛♥ ❜❡ ❞♦✇♥❧♦❛❞❡❞✱ ✐♥st❛❧❧❡❞✱ ❛♥❞ ❝♦♥✲
✜❣✉r❡❞ ♦♥ t❤❡ ❝♦♠♣✉t❡ r❡s♦✉r❝❡s ✉s✐♥❣ ❞❡❞✐❝❛t❡❞ t♦♦❧s✳ ❋♦r ✐♥st❛♥❝❡✱ ♦♥ ❉❡❜✐❛♥
❙②st❡♠s✱ t❤❡r❡ ❛r❡ ♣✉❜❧✐❝ ❉❡❜✐❛♥ r❡♣♦s✐t♦r✐❡s t♦ ✐♥st❛❧❧ ❛♥❞ ❝♦♥✜❣✉r❡ s♦❢t✇❛r❡
♦♥ t❤❡ t❛r❣❡t ❝♦♠♣✉t❡ r❡s♦✉r❝❡s✱ ✉s✐♥❣ ❞❡❞✐❝❛t❡❞ t♦♦❧s ❧✐❦❡ ❛♣t✲❣❡t✳
❋♦r ❛ s♣❡❝✐✜❝ s♦❢t✇❛r❡ r❡q✉✐r❡❞ ❜② t❤❡ ✉s❡r✱ t❤❡ ❙♦❢t✇❛r❡ ▼❛♥❛❣❡♠❡♥t ❚♦♦❧✲
❜♦① ✐s ❛❜❧❡ t♦ ♣r♦✈✐❞❡ t♦ t❤❡ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡ ❛ ❧✐st ♦❢ ❛❧❧ t❤❡ ♥❡❡❞❡❞ s♦❢t✇❛r❡
✭✇✐t❤ ❛❧❧ t❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ❛♥❞ t❤❡ r❡q✉✐r❡❞ ❝♦♠♣✉t❡ r❡s♦✉r❝❡ ❛r❝❤✐t❡❝t✉r❡✮✳
✹✳✺✳✷ ❚♦♦❧s t♦ ■♥st❛♥t✐❛t❡ ❛ ❱P
❆s ❞♦♥❡ ❢♦r t❤❡ ❙♦❢t✇❛r❡ ▼❛♥❛❣❡♠❡♥t ❚♦♦❧❜♦①✱ ✇❡ ✉s❡ ❛❝❝❡ss✐❜❧❡ r❡♣♦s✐t♦r✐❡s
❢♦r t❤❡ ❘❡s♦✉r❝❡ ▼❛♥❛❣❡♠❡♥t ❚♦♦❧❜♦① t♦♦✳ ❚❤❡ r❡♣♦s✐t♦r✐❡s ❝♦♥t❛✐♥ t❤❡ ❧✐st ♦❢
❛✈❛✐❧❛❜❧❡ t♦♦❧s ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ r❡s♦✉r❝❡ ♣❛rt✐t✐♦♥✐♥❣✱ r❡s♦✉r❝❡ ❛❣❣r❡❣❛t✐♦♥✱
❛♥❞ r❡s♦✉r❝❡ ❛❜str❛❝t✐♦♥✳ ■♥ t❤❛t ✇❛②✱ t♦♦❧s ❢♦r ✢❡①✐❜✐❧✐t② ❛r❡ ❛❝❝❡ss✐❜❧❡ ❛♥❞ ❝❛♥
❜❡ ✐♥st❛❧❧❡❞✱ ✐♥ ♦r❞❡r t♦ s❡t ✉♣ ❛♥❞ ❝♦♥✜❣✉r❡ ❝♦♠♣✉t❡ r❡s♦✉r❝❡s✳
❘❘ ♥➦ ✼✸✷✺
✷✷ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
✺ ❈✉rr❡♥t ■♠♣❧❡♠❡♥t❛t✐♦♥
❆ ♣r♦t♦t②♣❡ ✐s ❝✉rr❡♥t❧② ✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t✱ ♠❡r❣✐♥❣ ❛♥❞ ❡①t❡♥❞✐♥❣ ❡①✐st✐♥❣
t♦♦❧s✿ ✇❡ ❜❛s❡❞ ♦✉r ❞❡✈❡❧♦♣♠❡♥ts ♦♥ s♦❢t✇❛r❡ s✉❝❤ ❛s t❤❡ ❖❙❈❆❘ s②st❡♠ ♠❛♥✲
❛❣❡♠❡♥t t♦♦❧ ❬✶✼❪ ❛♥❞ ✐ts ❡①t❡♥s✐♦♥ ❖❙❈❆❘✲❱ ❬✷✼❪✱ t❤❡ ❙❛❧✐♥❡ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡
✭❱▼✮ ♠❛♥❛❣❡r ❬✺❪✱ ❛♥❞ t❤❡ ❆❧❛❞❞✐♥✴●✺❑ ❬✹❪ ❣r✐❞ s②st❡♠ ♠❛♥❛❣❡♠❡♥t t♦♦❧s ✭✇❡
❛r❡ ❛❝t✐✈❡❧② ✐♥✈♦❧✈❡❞ ✐♥ ❛❧❧ t❤❡s❡ ♣r♦❥❡❝ts✮✳
✺✳✶ ❉❡s❝r✐♣t✐♦♥ ❛♥❞ ❈♦♥❝✐❧✐❛t✐♦♥ ▼♦❞✉❧❡s
❈✉rr❡♥t❧②✱ ❱❙❊s ❛r❡ ❞❡✜♥❡❞ ✈✐❛ ❳▼▲ ✜❧❡s ❛♥❞ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡s❝r✐❜❡ t❤❡ ♥❡❡❞❡❞
s❡t ♦❢ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡s ✭✉s✐♥❣ ♣❛❝❦❛❣❡ s❡ts✮✳ ❚❤❡ ❳▼▲ ✜❧❡ ✐s ✈❛❧✐❞❛t❡ ❜②
❖❙❈❆❘ ✐♥ t✇♦ ♣❤❛s❡s✿ ✭✐✮ t❤❡ ❜❛s✐❝ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❳▼▲ ✜❧❡ ✉s✐♥❣ st❛♥❞❛r❞
❳▼▲ t♦♦❧s✱ ❛♥❞ ✭✐✐✮ t❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❧✐st ♦❢ ♣❛❝❦❛❣❡s ❢r♦♠ t❤❡ ♣❛❝❦❛❣❡ s❡t✳
✺✳✷ ❚♦♦❧❜♦① ▼♦❞✉❧❡
✺✳✷✳✶ ❚♦♦❧s t♦ ✐♥st❛♥t✐❛t❡ ❛ ❱❙❊
❖❙❈❆❘ ♣r♦✈✐❞❡s ❛ t♦♦❧ ❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ ❖❙❈❆❘ ♣❛❝❦❛❣❡s r❡♣♦s✐t♦r✐❡s✿
t❤❡ ❖❙❈❆❘ ❘❡♣♦s✐t♦r② ▼❛♥❛❣❡r ✭❖❘▼✮ ❛♥❞ t❤❡ ❖❙❈❆❘ P❛❝❦❛❣❡ ▼❛♥❛❣❡r
✭P❛❝❦▼❛♥✮✳ ❈✉rr❡♥t❧② ❖❙❈❆❘ ♣❛❝❦❛❣❡s ❝♦✈❡r st❛♥❞❛r❞ ▲✐♥✉① ❞✐str✐❜✉t✐♦♥ s✉❝❤
❛s ❈❡♥t❖❙✱ ❋❡❞♦r❛✱ ❉❡❜✐❛♥✳ ❖❙❈❆❘ ✐s ❛❜❧❡ t♦ ❝r❡❛t❡ ✏❣♦❧❞❡♥ ✐♠❛❣❡s✑ ❝♦♥t❛✐♥✐♥❣
❛❧❧ t❤❡ ♥❡❝❡ss❛r② ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❢♦r ❛ ❣✐✈❡♥ ❞✐str✐❜✉t✐♦♥✱ ❜❛s❡❞ ♦♥ ❛ ❱❙❊
❞❡✜♥✐t✐♦♥✳
✺✳✷✳✷ ❚♦♦❧s t♦ ✐♥st❛♥t✐❛t❡ ❛ ❱P
❙❛❧✐♥❡ ❛❧❧♦✇s ♦♥❡ t♦ ❞❡♣❧♦② ✈✐rt✉❛❧ ❝❧✉st❡rs✱ ♣❡r❢♦r♠ t❤❡✐r ♥❡t✇♦r❦ ❝♦♥✜❣✉r❛t✐♦♥✱
❛♥❞ ♠❛♥❛❣❡ t❤❡♠ ❛t ❣r✐❞ ❧❡✈❡❧✳ Pr❛❝t✐❝❛❧❧②✱ ❙❛❧✐♥❡ ♠❛❦❡s ❡✣❝✐❡♥t ♣❡r✐♦❞✐❝❛❧
s♥❛♣s❤♦ts ♦❢ t❤❡ ✈✐rt✉❛❧ ❝❧✉st❡r ❛♥❞ ❝❛♥✱ ✐❢ ♥❡❡❞❡❞✱ r❡st❛rt t❤❡ ❝❧✉st❡r ♦♥ ❛♥♦t❤❡r
s✐t❡ ♦❢ t❤❡ ❣r✐❞ ❢r♦♠ t❤❡ ❧❛t❡st s♥❛♣s❤♦t✳
✺✳✸ ❊①❡❝✉t✐♦♥ ▼♦❞✉❧❡
❆t ❡❛❝❤ s✐t❡✱ ❖❙❈❆❘✲❱ ❛❝t✉❛❧❧② r❡❝❡✐✈❡s t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠
t❤❡ ❞r✐✈❡r ❛♥❞ ✉❧t✐♠❛t❡❧② ❞❡♣❧♦②s t❤❡ ❡♥✈✐r♦♥♠❡♥t ♥❡❡❞❡❞ ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢
t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❇② ❧❡✈❡r❛❣✐♥❣ ❖❙❈❆❘✲❱✱ t❤✐s ❡♥✈✐r♦♥♠❡♥t ❝❛♥ ❜❡ ❜❛s❡❞ ♦♥
❛ ♥✉♠❜❡r ♦❢ s②st❡♠ ❝♦♥✜❣✉r❛t✐♦♥s✱ t♦ ✐♥❝❧✉❞❡✿ st❛♥❞❛r❞ ❞✐s❦✲❢✉❧❧ ✫ ❞✐s❦✲❧❡ss
s②st❡♠ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞ ♣❤②s✐❝❛❧ ✫ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s✳
✺✳✹ ❉✐s❝♦✈❡r②✱ ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥ ▼♦❞✉❧❡
❈✉rr❡♥t❧②✱ t❤❡ s❡r✈✐❝❡ ❞✐s❝♦✈❡r② r❡❧✐❡s ♦♥ ❛ ❡①✐st✐♥❣ ❜❛t❝❤ s❝❤❡❞✉❧❡r✳ ❚❤✐s ✐s ❛
❧✐♠✐t❛t✐♦♥ ♦❢ ♦✉r s②st❡♠ ❛♥❞ ✇❡ ❛r❡ ✇♦r❦✐♥❣ ♦♥ ♦t❤❡r s♦❧✉t✐♦♥s ❧✐❦❡ ❯❉❉■ ✐♥
♦r❞❡r t♦ ✜♥❞ ❛♥❞ ✉s❡ r❡s♦✉r❝❡s✳
✻ ❯s❡ ❈❛s❡
❚♦ ✐❧❧✉str❛t❡ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ t❤❡ ♣r♦♣♦s❡❞ s♦❧✉t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ ✉s❡ ❝❛s❡
❛s ❡①❛♠♣❧❡✳ ❆ s❝✐❡♥t✐st ✇❛♥ts t♦ ❡①❡❝✉t❡ ✐ts ❛♣♣❧✐❝❛t✐♦♥ ✭♠②❆♣♣❧✐❝❛t✐♦♥✮ ✇✐t❤
■◆❘■❆
▼❛♥❛❣❡♠❡♥t ❚♦♦❧ ❆r❝❤✐t❡❝t✉r❡ ❢♦r ❉✐str✐❜✉t❡❞ ❈♦♠♣✉t✐♥❣ P❧❛t❢♦r♠s ✷✸
myApplication
PRM1 = aggregation (kerrighed)
32Go
VM1 i386 system
32Go
PR1
8GB
PR2
8GB
PR3
8GB
PR4
8GB
Windows + myLibrary
VP instantiation
VSE instantiation
❋✐❣✉r❡ ✾✿ ❯s❡ ❈❛s❡
❛ ❞❡❞✐❝❛t❡❞ ❧✐❜r❛r② ✭♠②▲✐❜r❛r②✮ ♦♥❧② ❛✈❛✐❧❛❜❧❡ ♦♥ ▼✐❝r♦s♦❢t ❲✐♥❞♦✇s s②st❡♠s✱
❛♥❞ ♥❡❡❞ ❛t ❧❡❛st ✸✷ ●❇ ♦❢ ♠❡♠♦r②✳ ❚❤❡ s❝✐❡♥t✐st ❤❛s t❤❡ ❤❛❜✐t ♦❢ r✉♥♥✐♥❣ ✐ts
❛♣♣❧✐❝❛t✐♦♥ ♦♥ ❛ ❞❡❞✐❝❛t❡❞ ❲✐♥❞♦✇s ♠❛❝❤✐♥❡ ✇✐t❤ ✸✷ ●❇ ♦❢ ♠❡♠♦r②✳
❍♦✇❡✈❡r✱ ✐❢ ❢♦r s♦♠❡ r❡❛s♦♥s✱ t❤✐s ♠❛❝❤✐♥❡ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡ ❛♥❞✱ t❤❡ ♦♥❧②
❛✈❛✐❧❛❜❧❡ ♠❛❝❤✐♥❡s ❛r❡ ✹ ❉❡❜✐❛♥ ♠❛❝❤✐♥❡ ✇✐t❤ ✽ ●❇ ♦❢ ♠❡♠♦r②✱ t❤❡ s❝✐❡♥t✐st
✐s ❝♦♥❢r♦♥t❡❞ t♦ t❤r❡❡ ❝❤♦✐❝❡s✿ ✭✐✮ s❤❡ ♦r ❤❡ ✇❛✐ts ❢♦r ❛ s✐♠✐❧❛r ❲✐♥❞♦✇s ♠❛✲
❝❤✐♥❡ ✇✐t❤ ✸✷ ●❇ ♦❢ ♠❡♠♦r② t♦ ❜❡ ❛✈❛✐❧❛❜❧❡✱ ✭✐✐✮ s❤❡ ♦r ❤❡ tr✐❡s t♦ ♠♦❞✐❢② t❤❡
❛♣♣❧✐❝❛t✐♦♥ t♦ ❛❞❛♣t ✐t t♦ t❤❡ ❛✈❛✐❧❛❜❧❡ ❡♥✈✐r♦♥♠❡♥t✱ ❛♥❞ ✭✐✐✐✮ s❤❡ ♦r ❤❡ ✉s❡ ❛
✐♥t❡❧❧✐❣❡♥t ❞❡♣❧♦②♠❡♥t t♦♦❧✱ ❧✐❦❡ t❤❡ ♦♥❡ ✇❡ ♣r❡s❡♥t ✐♥ t❤✐s ♣❛♣❡r✱ ✐♥ ♦r❞❡r t♦
t❛❦❡ ❜❡♥❡✜t ♦❢ ✇❤❛t❡✈❡r ❍P❈ s②st❡♠ ❛✈❛✐❧❛❜❧❡ ✇✐t❤♦✉t ♠♦❞✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❛♣✲
♣❧✐❝❛t✐♦♥✳ ❲❡ ❛ss✉♠❡t❤❡ s❝✐❡♥t✐st t❛❦❡s t❤❡ ❝❤♦✐❝❡ ✭✐✐✐✮✳ ■♥ t❤❛t ❝❛s❡✱ ♦✉r s②st❡♠
s❤♦✉❧❞ ❞❡♣❧♦② ❛♥ ❛❞❡q✉❛t❡ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ t❤❡ ❱P✱ ✐✳❡✳✱ ❛♥ ❛❣❣r❡❣❛t✐♦♥ t♦♦❧ ♦♥
t❤❡ ✹ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ✭❧✐❦❡ t❤❡ ❑❡rr✐❣❤❡❞ ❙❙■ ❖❙✮✳ ❚❤✐s ♣r♦✈✐❞❡s t❤❡ ✐❧❧✉s✐♦♥
t♦ ❤❛✈❡ ♦♥❡ ▲✐♥✉① ❙▼P ♥♦❞❡ ✇✐t❤ ✸✷ ●❇ ♦❢ ♠❡♠♦r②✳ ❚❤❡♥ t❤❡ s②st❡♠ s❤♦✉❧❞
❞❡♣❧♦② ❛ ♣❛rt✐t✐♦♥✐♥❣ t♦♦❧✱ ❧✐❦❡ ❛ ❱▼ ✐♥ ♦r❞❡r t♦ ✐♥st❛❧❧ ❛♥❞ ♣r♦✈✐❞❡ ❛ ▼✐❝r♦s♦❢t
❲✐♥❞♦✇s ❡♥✈✐r♦♥♠❡♥t✳ ◆♦✇ ♦✉r t♦♦❧ ❝❛♥ ❞❡♣❧♦② t❤❡ ✐♥st❛♥t✐❛t✐♦♥ ♦❢ t❤❡ ❱❙❊
✐♥s✐❞❡ t❤❡ ❱▼s✳ ❋✐♥❛❧❧②✱ t❤❡ s❝✐❡♥t✐st ❛♣♣❧✐❝❛t✐♦♥ ❝❛♥ ❜❡ ❞❡♣❧♦②❡❞ ✭s❡❡ ❋✐❣✉r❡✾✮✳
✼ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❋✉t✉r❡ ❲♦r❦
■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ♣r❡s❡♥t t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❛ ♥❡✇ t♦♦❧ ❢♦r t❤❡ ♠❛♥❛❣❡✲
♠❡♥t ♦❢ ❝❧✉st❡rs✱ ▼PPs✱ ❣r✐❞s✱ ❛♥❞ ❝❧♦✉❞s✳ ❚❤❡ ❦❡② ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐s t♦
✐♥❝❧✉❞❡ ❛❞❡q✉❛t❡ ❛❜str❛❝t✐♦♥s✱ ❛ss✉♠✐♥❣ ❛ ❝♦♠♣✉t✐♥❣ s②st❡♠ ✐s ❝♦♠♣♦s❡❞ ♦❢
t❤❡ ❢♦❧❧♦✇✐♥❣ ❧❛②❡rs✿ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✱ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s ♠❛♥❛❣❡r✱ ❡①❡❝✉t✐♦♥
❡♥✈✐r♦♥♠❡♥t✱ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥✳
❲❡ ♣r♦♣♦s❡ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r② ✐♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡ t♦ ❣✐✈❡
♠♦r❡ ♠❛❧❧❡❛❜✐❧✐t② ✐♥ t❡r♠s ♦❢ ♠❛♥❛❣❡♠❡♥t t♦ t❤❡ r❡s♦✉r❝❡s ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t
❘❘ ♥➦ ✼✸✷✺
✷✹ ●❛❧❧❛r❞ ✫ ❱❛❧❧é❡ ✫ ◆❛✉❣❤t♦♥ ✫ ▲è❜r❡ ✫ ❙❝♦tt ✫ ▼♦r✐♥
❡①❡❝✉t✐♦♥✳ ❲❡ ❛❧s♦ ♣r♦♣♦s❡ t❤❡ ❝♦♥❝❡♣ts ♦❢ ❱✐rt✉❛❧ P❧❛t❢♦r♠ ❛♥❞ ❱✐rt✉❛❧ ❙②st❡♠
❊♥✈✐r♦♥♠❡♥t ✐♥ ♦r❞❡r t♦ ❛❜str❛❝t ❛♥❞ ❞✐✛❡r❡♥t✐❛t❡ t❤❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ❛♥❞
t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❢r♦♠ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❛❜str❛❝t✐♦♥
✇❡ ♠❛❦❡ ❛❧❧♦✇ ♦♥❡ t♦ ✉s❡ ♠❛♥② ❛❧r❡❛❞② ❡①✐st✐♥❣ s♦❢t✇❛r❡✳
❲❡ ♣r♦♣♦s❡ t❤❡ ❞❡s✐❣♥ ❛♥❞ ♣r❡s❡♥t t❤❡ ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♦✉r ♠❛♥✲
❛❣❡♠❡♥t t♦♦❧✳
❋r♦♠ t❤❡ r❡s♦✉r❝❡ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r ❜❡♥❡✜ts ✐s t❤❛t ♦✉r ♠❛♥❛❣❡✲
♠❡♥t t♦♦❧ ❞♦❡s ♥♦t ♦♥❧② ♣r♦✈✐❞❡ ♣❛rt✐t✐♦♥✐♥❣ ✐♥ ♦r❞❡r t♦ ♠❛♥❛❣❡ t❤❡ r❡s♦✉r❝❡s✳
■t ❛❧❧♦✇s t❤❡ ✏❝♦♠♣♦s✐t✐♦♥✑ ♦❢ s❡✈❡r❛❧ t♦♦❧s ❢♦r r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ✐♥ ♦r❞❡r t♦
❝♦♠♣❧❡t❡❧② ❛❜str❛❝t t❤❡ r❡s♦✉r❝❡s t♦ t❤❡ s❝✐❡♥t✐sts✳
❋r♦♠ t❤❡ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇✱ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r ❜❡♥❡✜ts
♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛r❝❤✐t❡❝t✉r❡ ✐s t♦ ❛❞❛♣t t❤❡ s②st❡♠ ❡♥✈✐r♦♥♠❡♥t t♦ ✉s❡r ♥❡❡❞s
✇✐t❤♦✉t ❝♦♠♣r♦♠✐s✐♥❣ t❤❡ ❝♦♥tr♦❧ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ s②st❡♠ ❛❞♠✐♥✐str❛t♦rs✳ ❚❤✐s
❡♥❛❜❧❡s s❝✐❡♥t✐sts t♦ ❡❛s✐❧② ❞❡s❝r✐❜❡ t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥✬s ♥❡❡❞s ✐♥ t❡r♠s ♦❢ s♦❢t✇❛r❡
❛♥❞ t❤❡ ❤❛r❞✇❛r❡ r❡s♦✉r❝❡s ❛♥❞ t❤❡♥ t❤❡ s②st❡♠ ✇✐❧❧ ❛✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t❡ t❤❡
❝♦rr❡❝t ❡♥✈✐r♦♥♠❡♥t ❢♦r t❤❡ t❛r❣❡t s②st❡♠s✳ ❋♦r t❤❛t✱ t❤❡ ♣r♦♣♦s❡❞ ❛r❝❤✐t❡❝t✉r❡
✐♥❝❧✉❞❡s ❛❜str❛❝t✐♦♥s ❢♦r st❛♥❞❛r❞ r❡s♦✉r❝❡✱ ✉s❡rs ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♠❛♥❛❣❡♠❡♥t
s♦❢t✇❛r❡✳
❯❧t✐♠❛t❡❧②✱ t❤❡ ♣r♦♣♦s❡❞ ❛r❝❤✐t❡❝t✉r❡ ♣r♦✈✐❞❡s ♣♦✇❡r❢✉❧ t♦♦❧s t❤❛t ❝♦✉❧❞
❜❡ r❡✉s❡❞ ✐♥ ♠❛♥② ❞✐✛❡r❡♥t ❝♦♥t❡①ts✱ ❣✉❛r❛♥t❡❡✐♥❣ st❛❜✐❧✐t② ❛♥❞ ❝♦♠♣❛t✐❜✐❧✐t②
✇❤✐❝❤ ✉❧t✐♠❛t❡❧② s❤♦✉❧❞ ❡❛s❡ t❤❡ s❝✐❡♥t✐sts✬ ❧✐❢❡✳
❈✉rr❡♥t❧②✱ ✇❡ ❝♦♥t✐♥✉❡ t♦ ✇♦r❦ ♦♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♦✉r ♣r♦t♦t②♣❡✳
▼♦r❡ ♣r❡❝✐s❡❧②✱ ✇❡ ❛r❡ ✇♦r❦✐♥❣ ♦♥ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❖❙❈❆❘ ❛♥❞ ❙❛❧✐♥❡✳ ■♥
❛❞❞✐t✐♦♥✱ ✇❡ ❛r❡ ✇♦r❦✐♥❣ ♦♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❱P ❞❡s❝r✐♣t✐♦♥ ✜❧❡✳
❲❡ ❜❡❧✐❡✈❡ ✏✢❡①✐❜✐❧✐t②✑ ✐s ❛ ❦❡② ❝♦♥❝❡♣t ❢♦r ❛❜str❛❝t✐♥❣ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢
❍P❈ s②st❡♠s ❛✇❛② ❢r♦♠ s❝✐❡♥t✐sts s♦ t❤❡② ❝❛♥ ❢♦①✉s ♦♥ t❤❡ s❝✐❡♥❝❡ ❛♥❞ ♥♦t t❡❝❤✲
♥✐❝❛❧ ❞❡t❛✐❧s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥s ♦♥ t♦♣ ♦❢ ❞✐✛❡r❡♥t
♣❧❛t❢♦r♠s✳ ❚❤✐s ✐s ✇❤② ✐t ✐s ♥❡❝❡ss❛r② t♦ ✭✐✮ ❞✐ss♦❝✐❛t❡ t❤❡ ❡①❡❝t✐♦♥ ❡♥✈✐r♦♥♠❡♥t
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